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wee ERAD BARTH “AND CONCRETE PRESSURES 


By LAZARUS WHITE! AND GEORGE PAASWELL,? 
MEMBERS, AM. Soc. C. E. 


SYNOPSIS 

The former Committee of the Society on Earths and Foundations, in con- 
junction with its studies of the distribution of vertical pressures beneath 
foundations, assigned to the writers, as a Sub-Committee, the study of lateral 
earth pressures. This paper is a result of such a study. It has long been 
recognized that the classic methods of analyzing lateral pressures as developed 
by Coulomb and Rankine were extremely limited in practical application and 
many attempts have been made to reshape the classic analysis to bring the 
theory into better consonance with practice. The writers feel that it is better to 
discard the classic method entirely, and start from the fundamental laws of the 
theory of elasticity, as had been done with recognized success in the study of the 
distribution of vertical pressures. The mathematical work and resulting 
equations are not as simple as the writers would desire, but it is hoped that 
further study and application of the methods outlined herein will lead to 
simplifications without loss of rigor. The labor of using the somewhat in- 
volved equations is lightened by the tables presented herewith. It is believed 
that not only are more correct values determined, but a much better under- 
standing may be had of the phenomena attendant upon the three phases of the 
problem of lateral earth pressures. 


INTRODUCTION 


The science of soil mechanics has made rapid strides in the decade, 1928 to 
1938, in the analysis of foundation problems. The formulas developed by 
Boussinesq? have proved to be extremely valuable in this connection and the 
writers have used them in the study of lateral pressures upon earth-sustaining 

Norre.—Written comments are invited for immediate publication; to ensure publication, the last 
discussion should be submitted November 15, 1938. 

1 Pres., Spencer, White & Prentis, Inc., New York, N. Y. 

2 Secy. and Treas., Spencer & Ross, Inc., Detroit, Mich. 

3 See Progress Rept., Special Committee on Earths and Foundations, Proceedings, Am. Soc. C. E., 
May, 1933, p. 779. 
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structures. For more than a century many attempts have been made to 
reconcile actual problems to formulas based upon artificial and non-existent soil 
types. The writers feel that these attempts are futile and that the engineering 
terminology identified with them is no longer of real significance. 

Soils possess sufficient elastic properties to permit the application of the 
theory of elasticity in solids to lateral earth pressures. There are three funda- 
mental phases of the analysis of lateral pressure: (I) The lateral pressures 
induced upon a sustaining structure of sufficient rigidity to prevent fracture of 
the bank; (II) the lateral pressures induced upon a wall when movement of the 
wall is sufficient to permit the formation of fracture surfaces in the bank; and 
(III) the lateral pressures induced upon a wall due to a surface loading. It is 
seen that only for Phase II have the classic theories of Coulomb and Rankine 
had any coherence and practical application. Charles Terzaghi, M. Am. Soc. 
C. E., has given an interesting discussion on this aspect of the problem.‘ 

The writers feel that the ever-important question of the pressures developed 
in forms due to concrete may find a solution along the lines developed for lateral 
pressures. Although the mathematical treatment may seem complex to those 
who seek a simple “rule-of-thumb” expression, the formulas as derived are 
comparatively simple. 

Notation —The symbols used in this paper are defined where they first 
appear and are assembled for reference in the Appendix. 


PHase I 


In Phase I it is assumed that the wall is sufficiently rigid so that the sus- 
tained earth bank will not develop fracture surfaces. When an earth mass 
exerts a lateral pressure upon a sustaining structure this structure is distorted. 
Since the earth mass itself possesses elasticity, the yielding of the sustaining 
structure permits a lateral yielding of the earth mass toward the wall or sheeting. 
This lateral yielding is accompanied by a reduction in the lateral‘pressures. If 
the wall is a composite one, comprising members of varied rigidity, the less rigid 
will yield more, with release of pressure upon them, the more rigid ones finally 
taking the greater part of the pressure. The distortion of the structure may be 
small, and yet the re-arrangement and reduction in pressures may be very 
marked. In the illuminating series of experiments conducted by Professor 
Terzaghi, at the Massachusetts Institute of Technology, it was found that a 
movement of the experimental wall as little as 1 mm caused a reduction of 75% 
in the pressures induced upon the wall. If the movement of the wall persists so 
that fracture surfaces are developed, it has been found that the general shape of 
such fracture is as shown in Fig. 1. The surface of fracture is generally 
recognized as a shear failure surface. At some future time the writers hope to 
present the development of the pressures due to this shear failure based upon 
the assumption that the failure surface is a cosine curve. It is important to 
remember that this characteristic failure surface with the emergent break at the 
surface, approximately distant from the wall one-half the depth of wall, is 
independent of the type of ground, the only requisite for its appearance being a 


4 Proceedings, International Conf i i i 
eer Aisin tah on 1098" onference on Soil Mechanics and Foundation Eng., Paper J-3, Vol. 1, 
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sufficiently flexible wall, or a yielding foundation under the wall. The general 
ground movement due to a shear failure in saturated soils such as clay and silts 
is a separate phenomenon not discussed in this 
paper. 2 aia 
Sheeting and bracing, when properly designed 
and installed, come within Phase I. The sys- 
tem is one of varied rigidity—the sheeting being 
the most flexible, the wales next, and, finally, 
the braces the most rigid. The relative yielding 
of these component parts of the sustaining 
structure produces an accumulation of stress 
zones at the more rigid points. The pressures 
induced upon these component parts may be 
viewed as derived from soils of three character- 
istic properties each producing a system of lat- =‘ Fre. 1.—T rican Section or a 
A “ ‘ t E FRACTURE SURFACE 
eral pressures of increasing intensity going from 
the sheeting to the wales and finally to the braces or tie-rods. 


THEORY OF DESsIGN—SHEETING AND BRACING 


For an elastic solid subject to its own weight alone, the total lateral pressure 
at any depth, y, below the surface is given by, 


in which yp is the Poisson ratio. The negative sign in Equation (1) indicates a 
compression. In accord with elastic theory, 1 may have any value between 0.5 
and — 1. If it were greater than 0.5, the material would not resist distortion; 
and if it were less than — 1, it would not resist compression. As a matter of 
fact it is positive for all known structural materials. For a true liquid, w = 0.5, 
and Equation (1) reduces to the hydrostatic law, F = — wy. 

As the theory of lateral pressures involves Poisson’s ratio, it may be well 
to outline, briefly, its relation to the other elastic constants. Assume that 
a load, P, is applied along the X-axis of a unit cube and is the only force acting 
upon this solid. Let the resulting strains induced in this solid by the load along 
the X, Y, and Z-axes be e€., ey, and €g, respectively. If m and n are two, at 
present, undefined constants, the following equations exist: 


P=! (07 7-2 1), €or (€¢ Eg) ocean ede ava (2) 
Opi 2 a) epee €gitbeea) ie) ea ea DG ay (3) 
and, 
OR Sa Cb ap cued td. (Eo =f Ef) oor E ore cus eyd wate aby (Oe (4) 
From these three equations of equilibrium, 
_n(3m+ 2n) 
P = Sar rae Carers, siahs) creme tear ar ot 0 wrleian sae ts ibe te (5) 
and, 
Lah ras! stale hm oe (6) 


= = — Fm +n) 
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Pirie ; 
The modulus of elasticity is defined as H = <,? giving a relation between 
é 


the constants, m and n, and the modulus, £, equal to: 


gt Bmt2)). 16 ae (7) 
m+n 
The Poisson ratio is defined by the ratio between axial and lateral strain, 
Cp Seg I 60 sae i ee (8) 
so that, 
510.5 oe ca a (9) 
m+n 


The modulus of rigidity or shear (usually denoted by the symbol, G) is the 
same as the coefficient, n. The three elastic constants, Z, G, and yp, are related 
by: 

B= "2 GUAR OB) ee Soe eae sn es (10) 


For soils it has been found that ~ may vary between 3 and 7, the lower 
values applying to loose-textured soils and the higher values to clays and, 
possibly, dense sands. It should be noted that a variation in the value of u 
changes only the scale, and not the manner, of the distribution of lateral 
pressure. A general form of expression for lateral pressure against a sheeted 
cut may be given as, 


Referring to Equation (1) K may receive a maximum value of 0.6 and a mini- 
mum value of 0.2. A rational method of designing sheeting and bracing would 
be to use the maximum value of K for the more rigid members of the supporting 
system and a much smaller one for the flexible sheeting. 

Permanent structures, such as retaining walls, sub-surface structures, 
abutments, etc., require careful study as to possible movement before de- 
termining the maximum design pressures. Walls of uniform rigidity will move 
under the initial pressure. A drop in pressure ensues as the material supported 
by the wall expands elastically behind the wall. The pressure may again 
build up slowly, causing a further movement of the wall with another cycle of 
elastic expansion, until sufficient movement has occurred to cause fracture 
surfaces and possible slides. An analysis of these movements with their 
possible limitations by design of wall and foundation may indicate economies of 
design by using lower pressure coefficients. A further complication may enter 
should the material be saturated and should the foundation itself be wet, 
particularly if such hydraulic conditions may permit a loss of sustaining power 
due to the upward flow of water beneath the foundation. 


LaTERAL PrREssuRES Dur To SurFacr LOADS 


The characteristic distribution of lateral pressures along a vertical surface 
due to a surface load is shown in Fig. 2. The maximum intensity is at the 
surface, diminishing rapidly with the depth. Any effect of the introduction of a 


Ea 
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free vertical surface upon the analysisis ignored. It is assumed that the neglect 
of this factor introduces no serious error. ; 

The simplest problem is that of a single load, 
analyzed by Boussinesq.® (The formulas usually 
attributed to Boussinesq are more properly termed 
the Boussinesq-Hertz formulas.) As loads are gen- 
erally spread over large areas it becomes necessary 
to partition the area into smaller ones, treating 
each as a single load and adding the total to secure 
the composite effect. However, it is possible, by 
an analysis developed by A. E. H. Love,® to obtain, 
directly, the effect of a rectangularly distributed 
surface load. The formulas are more cumbersome, 
but are in a usable form entailing less work than the 
partitioning process; and they remove the uncer- 
tainty involved in a failure to partition the area 
into small enough units. When the loaded area is 
long and narrow, the strip method may be used— 
that is, the method of plane sections. Fairlysimple  ,,f%° 2-7 P%7icsu Distarv- 
formulas result for this case. To complete the Ast 4 Vurmcat Facn Dos 
analysis for strip loading, equations developed by 
Professor N. M. Guersevanoff for irregular types are added.’ 

Point Load.—Referring to Fig. 3(a), 


(a) DUE TO 
POINT 
LOADING 


LGA 


Fig. 3.—Co-OrpinaTE SysTEM FOR LATERAL PRESSURES 


in which P is the intensity of surface loads, and k is a constant, expressed by: 


[es = [3 sin? B cos 8 cos? a — (1 — 2) (cos 8 — U)]..... (13a) 


5 See ‘‘Applications des Potentials,” by Boussinesq. 
6 Philosophical Transactions, Series A, Vol. 228, 1929. ° a aie 
i Joped by Prof. Guersevanoff were taken from a brochure by him sent to the 
eee Tost meh fire and the writers are unable to refer to the exact title and date of 


publication. 
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and, U is a substitution factor: 
nz 
U : sin? 2A 708 F) oat ee SUA (13) 


1+ coe Be (1 + cos 6)? 


Table 1 gives the value of & for a range of values of the co-ordinate angles, 


a and , and for several values of the Poisson ratio, u. Values of k above the 
upper, and below the lower, heavy lines denote tensile stresses. 


TABLE 1.—Vauves or k ror Sotvine Equations (13)* 


Mh sa Vaxurs or k FoR THE FoLLOwING VALUES OF ANGLE a (SEE Fia. 3(a)) 
Co} 
Angle 
8 ene 
15. e r : 30° 40° 50° 60° 70° 80° 90° 
3(a)) 0 10 20 
uw =0.1 
0° 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
10° 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 
20° 0.02 0.01 0.01 0.02 0.03 0.04 0.05 0.05 0.06 0.06 
30° 0.04 0.04 0.03 0.02 0.04 0.04 0.04 
40° 0.09 0.08 0.07 0.05 0.03 0.01 0.01 0.02 
50° 0.10 0.09 0.09 0.08 0.06 0 0.01 0.01 
60° 0.09 0.09 0.09 0.08 0.06 0.03 0.03 0.02 
70° 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
80° 0.03 0.02 0.02 0 0.03 ; h 0.07 0.08 0.09 
90° 0.12 0.12 0.10 0.06 | 0.01 0.03 0.06 0.10 0.12 0.13 
uw = 0.2 > 
0° 0.05 0.05 | 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
10° 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 
20° 0.01 0 0 0.01 0.02 0.03 0.03 0.03 0.04 0.04 
30° 0.05 0.05 0.04 0.03 0.02 0 0.01 0.03 0.03 0.03 
40° 0.10 0.10 0.08 0.06 0.05 0.02 0.01 0 0.01 0.02 
50° 0.12 0.12 0.11 0.10 0.07 0.05 0.03 0.01 0.01 0.01 
60° 0.12 0.11 0.11 0.10 0.07 0.06 0.04 0.03 0.02 0.02 
70° 0.07 0.07 0.07 0.07 0.06 0.05 0.05 0.04 0.04 0.04 
80° 0) 0 0 0.02 0.03 0.03 0.05 0.06 0.06 0.07 
90° 0.09 | 0.09 | 0.07 | 0.05 0.01 | 0.02 0.05 0.07 0.09 0.10 
uw =0.3 
0° 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 0.03 —0.03 0.03 0.03 
10 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 
20° 0.02 0.02 0.02 0.01 0 | 0.01 0.02 0.02 0.03 0.03 
30° 0.07 0.07 0.05 0.05 0.03 0.01 0.01 0.01 0.02 0.02 
40° 0.11 0.11 0.10 0.08 0.06 0.04 0.02 0 0.01 0.01 
50° 0.14 0.13 0.12 0.11 0.09. 0.05 0.04 0.01 0.01 (0) 
60° 0.14 0.13 0.12 0.11 0.08 0.06 0.04 0.02 0.02 0.01 
70° 0.10 0.10 0.09 0.08 0.06 0.06 0.05 0.03 0.02 0.02 
<a 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 
90' 0.06 | 0.06 | 0.05 | 0.03 0 0.01 0.03 0.05 0.06 0.06 


* Values above and below the two heavy lines denote tensileJstresses. 


le 
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TABLE 1.—Continued 


Agia VaLuns or k ror THE Fortowine Vauurs or ANGLE a (sum Fic. 3(a)) 
Angle 
B (see 
303) 0 10° 20° 30° 40° 50° 60° 70° | 80° 90° 
2» =0.4 
0° 0.02 | 0.02 0.02 0.02 0.02 | 0.02 0.02 


0 


20° 0.04 0.03 0.03 0.02 E 0 
30° 0.09 0.08 0.07 0.06 0.05 0.03 0.02 0 


40° 0.13 0.13 0.11 0.09 0.08 0.05 0.03 0.01 


50° 0.16 0.15 0.14 0.13 0.10 0.06 0.04 0.02 
60° 0.16 0.15 0.14 0.13 0.09 0.07 0.04 0.02 


0.01 0.01 0.01 


Wawel 0-12) | 0.12. 20.11 0.10 | 0.07 | 0.06 | 0.04 | 0.02 
g0°" | 0:05 | 0.05 |. 0.05 | 0.05..| 0.04. | 0.03-=4—0.03- |: 0.02 
90° | 0.03 | 0.03 | 0.02 0.02, { 0 0.01 | 0.02 | 0.02 
wh =0.5 
o | 0 0 0 0 0 0 0 0 0 0 
10° | 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0 0 
20° | 0.05 | 0.05 | 005 | 0.04 | 0.03 | 0.02 | 0.01 | 0 0 0 
30° | 0.10 | 0.10 | 0.09 | 0.08 | 0.06 | 0.04 | 0.03 | 0.01 0 0 
40° 015 | O45 | 013 | 0.11 0.09 | 0.06 | 0.04 | 0.02 | 001 | 0 
Bel. 0.18% |1)0.17 0.16 | O14 | O11 0.08 | 0.05 | 0.02 | 0.01 | 0 
60° | 0.18 0.17 0.16 | 0.14 | 010 | 007 | 0.04 | 0.02 | Oo1 | O 
70° | 0.14 0.14 | 013 | O11 0.08 | 0.06 | 0.04 | 0.02 0 0 
soe | 0.08 | 0.08 | 0.07 | 0.06 | 0.05 | 0.03 | 0.02 | 0.01 0 0 
90° | 0 0 0 0 0 0 0 0 0 0 
Rectangular Loading.—Referring to Fig. 3(0), 
P= 2 [Qu 4 —(1-2n) B-20] Reina a (* * (14) 
in which, 
Ante a ew Gai Gect- Os a) |e cen eh gnc (15a) 
B= ny mae ims + my) — (01 + Ne Hine +My)... (15d) 
and, 
Sy 2 Gas Y2 te) Yi) Ye 
= {| ¥ ul + | al ees. (150) 
aie GE De Sia ergo (16a) Yy = — Ys an lee. (16c) 
A SIO is 5 oS oe (16b) Ti Re Bre bea (16d) 
and, 
bee ef? Sa (17a) hyerscyeoe 2? eee (17c) 
| elie ma ie ore (17b) Keg? sns? Fi 2 aa (17d) 
and, 
X14 Loy 
COs G1 is 3 Lap (18a) COs G3 = i 5 (18c) 
_ U1 Y2 Feige 18d 
COS G2 = F ren (18d) COS G4 lake (18d) 
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If x or y is greater than b or 1 so that cos q is negative, substitute for g, in Equa- 
tion (15a), the value, 7 — g. All angular values are in circular measure: 


Yi 


tan m, = a eee oO) tan m3 = a ee (19¢) 
_ 2 — ¥ 
tan m2 = a ee (19b) tan m4 POD . (19d) 
and, 
VO RE Se OR aay (20a) Gg) = hei aoe (20c) 
ay? = ka + yi. moots (20b) az = ky? + Y2? Facute; (20d) 
and, 
=- 21a) Bs =— (21c) 
Bi = th <dante cbvie ( a s) PM de 
Z Zz 
=— Ne ins SAY! 
Bo Fst teees (21b) Ba F (21d) 
and, 
tan n, = Bi tan mj... .(22a) tan nz = B2tan m3... . (22c) 
tan no = B4tan m2... .(22b) tan n4 = B3 tan mg... . (22d) 


If tan m or tan n appears negative, use negative values for these angles as 
derived from Equations (22). 

This analysis for rectangular loads fails for points directly below the corners 
of the load. Determinate values may be found, however, for neighboring 
points and should serve the purpose. 


TABLE 2.—LatTERAL PRESSURES AT VARIOUS Points BELOW A LOADED AREA 
(P = 1;b6 = 1;1 = 2; and the area = 8) 


(a) x =0; y=0; and z=1 (b) « =0; y =0; and z=0.5 (c) x =2; y=2; and z=1 
ee } Values by 
P 9 Rec- Values by Equation Equation (12) Values by Equation 
erwiga tangular| (12) for the following Rec- | for the follow- Reo- (12) for eke following 
rate, | values, | number of sub-divisions:| tangular | ing number of |tangular | number of sub-divisions: 
“ Equa- values | Sub-divisions: | yatyes 
tion 
(14) 
2 4 16 4 16 1 4 16 
0.1 .04 —0.16} 0.0 0.03 0.26 0.28 0.24 0.06 0.04 0.06 0.06 
0.2 0.08 —0.13 | 0.10 0.08 0.31 0.20 0.32 0.07 0.04 0.08 0.07 
0.3 0.11 —0.06 | 0.16 0.11 0.35 0.20 0.36 0.08 0.05 0.09 0.08 
0.4 0.14 —0.03 |} 0.26 0.12 0.40 0.16 0.40 0.09 0.06 0.09 0.09 
0.5 0.18 0 0.32 0.16 0.44 0.16 0.40 0.10 0.06 0.11 0.10 


In applying the Boussinesq equations to spread footings, it is not easy, for 
points close to the loaded surface, to arrive at a proper sub-division for a fairly 
accurate result. Equations (14) to (22) give the correct theoretical result. 
For comparative purposes, the data in Table 2 show the values of the lateral 
pressures at certain points below a loaded area as derived by Equation (14) and 
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then show the derived pressures as obtained by using the Boussinesq equations 
for single and subdivided loads for the same area. The applied loading is 
taken as unit intensity. 

Table 3 shows the distribution of lateral pressures under a pier footing. 
The total load on the pier is 100 kips, giving a load of 6.250 kips per sq ft. 


TABLE 3.—Disrrisution or LateraL Pressures, In Kips* pER SQUARE 
Foot UNpER A Pier Footine 


Load, 
100 Kips 


io 
fee 
5! 5 
. Point A | Pornt B Point C 
Distance 
aly Interval, — 
ae Rnitocde Pressures for the Following Values of Poisson’s Ratio, pu: 
in feet 
0.3 0.4 0.3 0.4 0.3 0.4 
0 aig 
2 
2 zs 0.38 0.45 0.09 0.11 0.03 0.02 
5 2 0.26 0.30 0.09 0.12 0.03 0.02 
8 3 0.04 0.06 0.05 0.06 0.01 0.01 
13 3 0.01 0.01 0 0.02 0 0 
18 0 0 0 0.01 0 0 


*1 kip = 1000 lb. 


The lateral pressures have been found on the assumption of a single concen- 
tration at the center of the pier. As a check, using Equation (14) for Point 
z= 5; y =0; 2 = 2, with uw = 0.38; and F = 0.38. For up = 0.4, F = 0.47, 
which shows that the assumption of a single concentration is accurate. 

Strip Loading.—For a continuous strip of loaded area, such as a wall, 
railroad track, etc., a typical section may be taken, and the lateral pressure from 
this section is given by: 


F= ele (6) 583)--eein 2 61. — sin 2 Ba}. 0a s a (23) 


The angles are in circular measure. Table 4 shows the distribution of pressures 
under the center, edge, and a distance of 10 ft away from a strip, 20 ft wide, 
loaded with unit loading. This type of loading is important in the analysis of 
the effect of neighboring foundation loads upon sub-surface structures and the 
use of Equation (23) obviates the application of “rule-of-thumb” methods of 
determining the zone of disturbance and calculation of lateral pressures from 
equivalent “‘surcharge’’ effects. 


1 
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TABLE 4.—DrisTripution oF LATERAL Pressures, IN Kips* PER SQUARE 
Foot, UnpreR Strip LoapINe 


p=1 


saan te 
IB 


lA Ic ID 


Dis- Dis- Dis- 
tance tance tance 
Inter- Inter- Inter- 
been. val, Point | Point | Point belay. val, | Point Point | Point peek val, Point | Point | Point 
of Bes B Cc of Poa Cc D of ee Cc D 
foot- foot- We foot- | feet 
ing ing ing 
(1) | (2) | @) (4) (S) (1) |} (2) | @) (4) (5) (4) | (2) | @) (4) (S) 
0 i 5 : 0.45 | 0.35 | 0.17 30 0.01 | 0.04 | 0.09 
10 
| 1 : 0.88 | 0.47 | 0.04 10 " 0.18 | 0.23 | 0.22 40 0 0.02 | 0.05 
10 
2 5 0.75 | 0.44 | 0.08 15 0.08 | 0.14 | 0.18 50 0 0 0.01 | 0.03 
1 
3 - 0.64 | 0.41 | 0.12 20 0.04 | 0.09 | 0.15 60 0 0 0.02 
10 
4 y 0.52 | 0.87 | 0.15 25 * 0.02 | 0.06 | 0.11 70 0 0 0 
10 
5 0.45 | 0.35 | 0.17 30 0.01 | 0.04 | 0.09 80 


#1 kip = 1000b. 


Point Load.—TIf the strip is narrow, or points are selected at a distance from 
the strip (see Fig. 4(a)) a simple formula gives the lateral pressure, 


yee Py x? 
pbs ii eee ee (24) 
Trapezoidal Loading.—For the loading shown in Fig. 4(b): 
, 2y 1 2 
| F= = (b; M +b. N) + = (b1 + po) tan} aeay cies eee (25a) 
i! * 
; Po = 5 (Da + pp). os 2 ea (25b) 
bi = 5 (ps — Da) 
: D by Ob = Bo) #e e's.) Ena See (25c) 
os pl 
: M = log. piers ae hp ae aie (25d) 
tet — bf RNR oy te 8 eee eg) ee (25e) 


and, 


y = 2h cyt bit + po) w 
ut + 4 a2 y? ©0914 ke BF ewe mse pet ane (25f) 


Each yiede, - 
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| Triangular loading, a special case of trapezoidal loading (see Fig. 4(c)), is 
expressed by, 


F= = 5 [90 +2 (ton 2 = tant) tate ea |-- C0 


é x pe tA a" 
and, 
_. @ pty 
Q = log, Pepys. - oR aus Hoge ur Neb euler ie Nec tof'as femme! Thee (260) 
(2) POINT LOADING; 2b > 


PLANE SECTION 


(c) TRIANGULAR 
LOADING; STRIP 
SECTION 


F 


(6) TRAPEZOIDAL 
LOADING; STRIP 
SECTION 


(d) PARABOLIC 
LOADING; STRIP 
SECTION 


Fia. 4.—Laterau Pressures: Various Tyrms oF LOADING 


Parabolic Loading —F or the loading shown in Fig. 4(d): 
2 


Sige Ne BL | @ y? + bo? — x) tan 


b 
eee pH 4eyM —2by|..27 


U 
in which wu? and M are as defined by Equations (25d) and (25e). 

The lateral pressures, as given by Equations (23) to (27), are assumed to be 
distributed along rigid supports yielding no more than the elastic material which 
it supports. Should the supporting structure be a composite one, such as 
temporary sheeting and bracing, the same cycles of elastic expansion and 
loading take place as described herein under the heading, “‘Theory of Sheeting 
and Bracing,’’ and the more rigid parts of the sustaining system gradually take 
up the bulk of the loading. 

CoNCRETE PRESSURES 


The construction of high concrete piers for the Alton (Ill.) Dam, on the 
Mississippi River, afforded an opportunity to make a series of readings to 
ascertain pressures exerted by green concrete on forms. The pressures were 
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computed from extensometer readings taken on tie-rods supporting the forms. 
The tie-rods were free to slip inside boiler-tubes which acted as separators for 
the form panels. Two pressure curves, derived from the extensometer readings, 
are shown in Fig. 5. The translation of extensometer readings to pressures is 
not given herein and is based upon an assumed distribution of pressure from 
sheeting panel to stud and wales and, in turn, to tie-rod. 

The experimental curves have suggested to the writers that the methods 
outlined previously for the determination of lateral pressures may prove 
serviceable in analyzing concrete pressures. 

A form of fairly standard construction is shown in Fig. 6. The problem is 
to trace the concrete pressures at some elevation, Plane AA, as the newly 


T 
ures Observed 


Height of Concrete, in Feet 


Bl | aE: 
ne A 


A> 
0 
0) 200 400 600 800 1000 
Concrete Pressure, in Pounds per Sq Ft 
Fic. 5.—Pressurn Exertep py Newiy FormMep Concrete Fie. 6 


poured concrete rises in the form, above the level, AA. From Point A to some 
height, h, the pressures at Point A are due to the weight of the concrete mass as 
expressed by Equation (6). The value of the Poisson ratio, u, decreases from 
that of a pure liquid at Point A to the value of concrete when set. At the 
height, h, it is assumed that the concrete at Point A has taken a set and the 
pressures at that point are then due to a superimposed load upon a free surface 
which itself rises as the concrete takes a set above Level A. As the pressures 
gradually decrease in accordance with this condition, the theoretical curves 
should follow that shown in Fig. 5. Actually, however, the setting of the 
concrete prevents the tie-rod from returning to its initial length; it can simply 
recover the distortion it has undergone since the concrete passed Level h. The 
_ curves of pressure obtained experimentally take this shape and the foregoing 
analysis is an attempt to explain the result. 

To give mathematical form to the foregoing reasoning it may be assumed 

that the change in the Poisson ratio occurring in the first stage of the concrete 
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pressures is given by an empirical relation, 
[ESOS OER oie es ae ee te: (28) 


_ in which ¢ is the time the concrete has been in the form at Elevation AA 
' (Fig. 6). If wis assumed to have the liquid value at time, ¢ = 0; and if it finally 
attains a value of 0.25 when the set has occurred (or, for time, t = to), the 
relation becomes, 


1 2 

L 5} 6 ig? oo biG o.dla 6) Caria, Glos op dioutia cs foed (29) 

and Equation (6) may be written in the form, 

3—- Uh 
{ F=wh aU WENe Op oOo Ooncatt thd SURG Otac oO © (30) 
in which, 
1 

U HPig cc (31) 


sinceh = Ht. The maximum pressure occurs for a value of h = 0.84 H ty and, 
at this point, the maximum pressure becomes, 


fhe SA UIA TEG EE cle te WAR Ml IP ee (32) 


The determination of the pressures when the concrete at Elevation AA has 
set is taken from the formula for strip loading (Equation (23)). Since the 
condition is expressed by Fig. 7, the equation may be simplified for this case so 
that, ; 


F= = (Sha aie gyre #0) ppb eRe (33) 


in which Pz is the weight of the concrete above Plane BB (Fig. 6). Angle 
Bo is determined by the width of the form and 
the distance, z. The weight of concrete, P, will 
be constant and the variable will be the dis- 
tance, z. In Fig. 5 the shape of this curve of de- 
creasing pressures is shown dotted. 

In the experiments at Alton the weight of the 
concrete was about 155 Ib per cu ft and the level 
rose in the form at arate of 2ft perhr. The time 
of set was about 5hr. In the foregoing analysis, 
therefore, H = 2; and, Xot) = 5. The height for 
maximum pressure is then 8.4 ft and the maxi- 
mum pressure, 806 lb. To complete the curve 
(not of practical significance herein) take ue 
B = 1550 Ib and use Equation (33). 

Obviously, better fit may be made to the actual observed curve of pressure 
by “juggling” the empirical relation given by Equation (28), but this mathe- 
matical manipulation is not warranted by the conditions of the problem, and 
the similarity of shape of the curves indicates that the theory possesses some 
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validity and, therefore, seems a better guide to the determination of concrete ' 


pressures than the usual assumptions of modified hydrostatic relations. 


CONCLUSIONS 


The analysis of lateral earth pressures resolves itself into a study of three 
phases of this problem. The first phase is that of the distribution of pressures 
along a wall sufficiently rigid or unyielding so that no fracture surfaces appear in 
the ground. In this case the pressures cause a slight yielding of the wall and 
a redistribution of pressures appears, tending to concentrate around the more 
unyielding portions of the supporting system. The pressure systems may be 
then separated for each system of support using a smaller intensity of pressures 
for the more yielding portion of the system such as the sheeting and to some 
extent the wales, and the maximum intensity of pressures for the braces or tie- 
rods. To accomplish this analysis it is suggested that the soil be assumed to 
possess a variable Poisson’s ratio, the smaller for the sheeting and the highest 
for the braces. Although this may seem an arbitrary assumption as to physical 
constants of the soil, it seems at present the most suitable device to use. 

The second phase, that of pressures developed when a fracture surface is 
permitted to develop is discussed very briefly. Only in this phase has the 
analysis of Rankine and Coulomb any significance. The writers hope to 
present some numerical examples of pressures developed in actual work in this 
phase at some later date. 

The third phase, that of the distribution of pressures due to a surface load, is 
covered in extensive mathematical detail. It is hoped that the results given 
will supersede the usual rule-of-thumb method for determining pressures due to 
surcharges. It is important to note that the intensity of pressures due to a 
surface load is a maximum quite near the surface and diminishes rapidly in 
intensity, a fact quite in contradiction to the usual method of analyzing sur- 
charge loads. 

The writers have purposely avoided introducing the terms, ‘‘coherent,”’ 
“granular,” ‘“‘non-coherent,” and, finally, ‘‘angle-of-repose’ or “internal 
friction.” For a long period they have recognized that these terms are mis- 
leading and of no significance in discussing lateral pressures. The successful 
application of the principles of the theory of elasticity to soils, both in theory 
and in their own practice has convinced them that the road to correct determi- 
nation of soil phenomena lay in such application and not in futile attempts to 
extend the classic formulas by modifications of coefficients, and the like. 

Finally, it should be stated that almost ten years have elapsed since the 
writers started the preparation of this paper. Experiments have been per- 
formed and observations made on lateral pressures in this period which the 
writers trust will be brought forth in the course of discussion which may i 
or even refute some of the theory presented, 
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APPENDIX 


Novation 


The following notation conforms essentially with American Standard 
Symbols for Mechanics, Structural Engineering and Testing Materials? 
compiled by a committee of the American Standards Association with Society 
representation, and approved by the Association in 1932: 


A = a substitution factor defined by Equation (15a); 

a = a distance; a1, ds, a3, and ay (see Fig. 3(b)) are distances to the corners 
of a rectangular load; 

= a substitution factor defined by Equation (15d); 

= breadth; one-half the width of a rectangular load; 6; and b» are defined 
where they are introduced; 

= a substitution factor defined by Equation (15c); 

= modulus of elasticity; 

= base of Naperian logarithms; 

= total lateral pressure; 

modulus of elasticity in shear; modulus of rigidity; 

acceleration due to gravity; 

head; 

height; 

rectangular moment of inertia; 

a ratio in Fig. 4(c); 

hydrostatic pressure ratio; 

a substitution coefficient defined by Equation (13a); 

= length; 

one-half the length of a rectangular load; 

= a substitution factor defined by Equation (25d); 

=a constant; mi, m2, ms, and m4 refer to the corners of a rectangular 
load; 

= a substitution factor defined by Equation (25f); 

= a constant (equal to G); mi, 2, m3, and m4 refer to the corners of a 
rectangular load; 

= a load; Pp = the weight of the concrete above Plane BB; 

= pressure per unit area; py = intensity of lateral pressure; py = in- 
tensity of vertical pressure; 

= a substitution factor defined by Equation (260); 

= a substitution factor defined by Equations (18); 

= setting time for concrete; 

a substitution factor defined by Equation (31); 

= a substitution factor defined by Equation (25e); 

= load per unit volume; 

= distances parallel to the X-axis; 71, v2, %3, and a4 are distances, 2, to 
the corners of a rectangular load; 


WW 
| 


I Io wt Wl ll 


S28 Oo ss Ae as a Qo eS 
ll 


Ses 
| 


cae) 
| 


ll 


8 A.S.A.—Z 10A—1982. 
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y = deflection; also distances measured parallel to the Y-axis; yi, y2, Ys, _ 


Ste Sb nm 7 CD 


and y4 are distances, y, to the corners of a rectangular load; 

distances parallel to the Z-axis measured from the base of a footing; 
21, 22, 23, and 2,4 are distances, z, to the corners of a rectangular load; 

angular distance to the point of application of Force F, in the XY- 
plane; 

half-angle formed under a load, P, by the radius, p (Fig. 3(a)); 

unit elongation; 

strain; for example, e,, er, and €, in Equations (2) to (6); 

angular distance in polar co-ordinates; 

Poisson’s ratio; 

radial distance in polar co-ordinates. 
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WIND FORCES ON A TALL BUILDING 
By J. CHARLES RATHBUN,? M. Am. Soc. C. E. 


SYNOPSIS 

Since the construction of the Empire State Building in New York, N. Y., 
considerable data have been collected pertaining to the intensity and distribu- 
tion of the wind pressure during storms, as observed by instruments placed in 
this structure. At the same time the movement of the top of the building and 
the stresses in some of the members of the frame have been observed. 

A model of the steel frame was constructed and measurements of its de- 
formation under horizontal load, as well as its period of vibration, were noted. 
From these observations the actual lateral loads on the building were estimated 
under certain assumptions. The ratio between the stiffness of the building and 
its frame (acting alone) was then computed to give an indication of the per- 
centage of the load that is carried by the frame. The plastic as well as the 
elastic action of the structure is indicated in the data. 

The following studies were contemplated when this set of experiments was 
undertaken: 


(a) The relation between the velocity of the wind and the pressure produced; 

(b) The variation of stresses due to wind across a bent; 

(c) A check, or refutation, of the basic principles of the portal and cantilever 
methods of analysis; and 

(d) An estimate of the proper horizontal load that should be used in de- 
signing a tall building to insure proper rigidity and stability. 


Because of the erratic nature of the data, definite conclusions have not been 
reached in the solution of these problems. 

The instruments installed in the building for the special purposes of the 
observations were: 1 anemometer; 30 manometers; 28 cameras with operating 
mechanism; 22 extensometers; 1 collimator and target; and 1 plumb-bob. 

Norge.—Written comments are invited for immediate publication; to ensure publication, the last 


discussion should be submitted November 15, 1938. 
1 Associate Prof., Civ. Eng., Coll. of the City of New York, New York, N. Y. 
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The paper is divided into three parts. Part I contains a discussion of: (a) 
The nature of the wind and the pressure produced by it; and also (6) the deflec- 
tion and stresses in the building due to wind action. Part II gives an estimate 
of the stiffening effect of the masonry on the steel and an approximate evalua- 
tion of the uniform load on the structure due to the wind. A model, with its 
equipment, was tested in the laboratory for the investigation described in 
Part II. Finally, Part III cites nine concise conclusions. 


PART I.—DESCRIPTIVE 


INTRODUCTION 


The Technical Research Committee of the American Institute of Steel 
Construction by arrangement with the owners, architects, consulting engineer, 
and contractors for the Empire State Building equipped that building during 
its construction with instruments, by the use of which data were later obtained 
as to the effect of wind and the resulting stresses and strains. 

With the exception of the work of Clyde T. Morris, M. Am. Soc. C. E., on 
the American Insurance Union Building? this is the first opportunity known to 
the writer in which engineers have been permitted to conduct an extensive 
study of the action of a large building over a period of several years, with a view 
to increasing their knowledge of the action of a structure subjected to wind loads. 
The data obtained, therefore, are of considerable value inasmuch as they tend 
to clarify the very intricate problem of determining the nature of wind pressure 
on large areas and permit the study of the plastic and elastic action of the 
building itself. 

By the nature of the problem a high degree of accuracy was not necessary; 
nor was it obtainable. There were many factors beyond the control of the 
observers, and many data that were necessary for a complete solution of the 
problem could not be obtained. From the beginning of the project in April, 
1931, until the removal of the instruments in the summer of 1936 a considerable 
number of observers gave their time to the task of making those records. 
Many of these data were fragmentary but as a whole they furnish a picture of 
the phenomena being observed. 


DESCRIPTION OF BUILDING 


The Empire State Building is the tallest in the world to date (1938); and 
it is not, like many tall buildings, simply a tower surmounting a comparatively 
low building. Its breadth is sufficient to present a very extensive surface to the 
wind (see Fig. 1). Its plan dimensions are 197.5 ft by 424.5 ft from the ground 
to the sixth floor. It has several setbacks, but from the thirtieth floor to the 
seventy-third, it covers approximately one-fourth the area of the ground floor. 
From the seventy-third floor it is gradually reduced in area to the roof on the 
eighty-sixth floor. A mast which supports the anemometer for measuring the 
wind velocity extends about 200 ft above the roof. All observations were 
made below the eighty-sixth floor. The design is almost ideally simple from a 


2‘*Practical Design of Wind Bracing,’ by Clyde T. Morris, Proceedings, Am. Inst. of Steel Construction, 
Inc., October, 1927. \ 
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structural point of view. All the floors are symmetrical about two axes, with 
but few minor exceptions, which have little or no effect on the action of the 


building. The total height above the street. floor, including the mast, is 
1 248 ft. 
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Area = 31875 Sq Ft 


Structurally, the building consists of steel columns and girders, the latter 
being fastened to the columns by the shallow wind-brace connections of the 
type shown in Fig. 2. In addition, the central bays around the elevator shafts 
have a system of knee-braces which extend from approximately the third point 
on the girder to the point where the corresponding girder on the floor below 
joins the column. The system of knee-braces in any set of bays between two 
columns, with the accompanying columns and floor-beams, forms a vertical 
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truss which materially stiffens and strengthens the frame of the building. 
These are shown with their form of bracing in Fig. 3 which gives an outline of 
the frame of the building in the narrow direction. As explained in Part pHi. 
there are three typical frames in the narrow direction of the building. 


22" oaun J 

22" Girder i 

@ 101 Lb @ 240 Lb, | 
1'3" Long 


= Seay 


Fig. 2.—TypicaL CoLUMN AND GIRDER JOINT 


The floors are of cinder concrete slab construction supported by steel beams 
approximately 8 ft apart. The outside partitions are covered with chrome- 
nickel steel and Indiana limestone. Until a floor was rented it had no interior 
partitions surrounding the elevators and utility rooms. Fig. 4 is a typical 
layout. . * 

With the exception of one offset for the main entrance the columns are in 
rows in both directions and each column extends from the foundation to the 
roof. The symmetry and regularity of the building have aided greatly in the 
study of its action. 

Surrounding the steel, and acting with it, are other materials of construction, 
such as concrete floors, tile and plaster partitions, etc. Much of this material 
is not elastic and does not follow Hooke’s law. As a result, when it is subjected 
to loads, the building shows a predominance of plastic action; that is, when it is 
deflected by a horizontal force it will not return exactly to a definite fixed 
position. A study of the readings of the building deflections reveals this 
phenomenon clearly. 

Tue VICINITY 


The buildings in the vicinity of the structure are low compared to those a 
few blocks farther north, where one group of the tall buildings of the city is 
located. The buildings along Forty-Second Street present a solid wall of high 
structures which tend to break up the air currents at elevations above, as well 
as below, their tops. There are a number of tall buildings to the west as well 
as to the north; and, to the south and the southeast, there are few obstructions. 
Fig. 5, a view of the city near the building, affords some idea of the character of 
obstructions which, it is easily seen, are of a type that would disturb the air 
currents and interfere with any tendency to be streamlined. 

Fig. 6 is a map giving the approximate elevations, in feet, of the roofs of 
those buildings that are high enough, and close enough, to affect the air currents 


seriously. Fig. 7 gives the heights, in number of stories, of the buildings in 
the immediate neighborhood. 
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Several methods were used in making the survey for the maps in Figs. 6 and 
7, after which the public records for the heights of the more important buildings 
were looked up as a check. Accuracy sufficient for the purpose was obtained 
by these methods although they could not be relied upon where great care was 
necessary. ‘The first method used was to observe the heights with a hand-level 
from the several floors of the Empire State Building. This method proved 
inaccurate for all except the closest structures. 

An ingenious method was suggested and used by one of the student ob- 
servers, which proved quite successful. Photographs were taken from the 
seventy-fifth, fifty-fifth, and thirty-sixth floors using windows in the same 
vertical line. With the known distance between floors as a base the heights of 
the buildings could be computed from the photographs by triangulation. The 
distances to the buildings were known from the published maps so that checks 
on this work were obtained. 

From Figs. 5, 6, and 7, it is quite evident that the structure is many times 
higher than most of its neighbors and even those that compare with it in height 
(more than one-half as high) are isolated towers a considerable distance away. 
The air currents at the lower elevations (to a height that is extremely problemat- 
ical) are very much disturbed. 


VELOCITY OF THE WIND 


The velocity and direction of the wind were obtained from an anemometer 
installed approximately 15 ft above the top of the mast, or 1 263 ft above the 
street. This instrument relies for its operation on a 32-blade rotor which does 
not spin (as does the cup anemometer). The dial (not self-recording), was read 
just before and just after the deflection readings. The hands often fluctuated 
over a range of about 15 miles per hr during a severe storm. The average 
velocity was taken and not the maximum due to this swing. In one instance, 
a fluctuation of 20 miles per hr on each side of a mean of about 50 miles per 
hr was noted. 

There is some question as to the accuracy of the anemometer for recording 
the velocity of the storm. Although the instrument may register, correctly, 
the velocity at the mast head at the time noted, the air currents are doubtless 
influenced by the presence of the building itself, as well as by the other tall 
buildings in the vicinity. 

There are three Weather Bureaus on Manhattan Island, all within less than 
five miles of the Empire State Building. In order to have as many data as 
possible on the wind movement during the observations the records of these 
several Weather Bureaus were consulted. Table 1 gives the direction and 
velocity of the wind at each station, at the time of the observation indicated. 
In the case of the anemometer at the Empire State Building, the readings were 
taken as near as possible to the time of taking the other data and at the time 
indicated in Column (2). If the velocity needle was fluctuating the mean 
reading was taken. _ In the case of the three neighboring stations, the average 
velocity and direction during the hour of the readings were recorded. In 
addition, the maximum velocity for a 5-min period attained by the wind during 
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TABLE 1.—Wrnp Recorps, New York, N. Y. 


Nee. Yorr 
ITY . 
Daily News Unitep States WEATHER 
So aeold Se pedi es: BUILDING BuREAU OBSERVATORY 
Eastern OBSERVATORY 
Stand- 
ard | 
ued in Hourly reading] Maximum 
Date* nai Ve- Wen 
minutes loc- loc- A 
past | Direc- | Y&l0c- | piree- | ity, | Direc- ity, Hy a Abs ae bows 
mid- | tion of aS tion of | in | tion of | in | pio ity, ne pe 
night | wind pertteone wind ee wind een tion of | in in’ |minutes 
hour hour | Wind | miles) miles} past 
per | per | mid- 
hour | hour} night 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) | (11) } (12) 
Height of ane- 
mometer, in feet ee 62T 504} 454§ 
i Maximum veloc- 
ities (5-min pe- 
Bd We aiod): 8/22/86...) ess akil vce SEM Shwe ge ele dene t eaeeaen 
o 
| Extreme velocities} .... 102 Set ee! es: ma oa eae eer ke ec. Atle CC 
1} 2/10/32 | 15:00 SW 5 NNE 4 SW 2 NW 5 
2] 2/10/32 | 17:00 N 4 ENE 6 NE 5 NW 3 
3] 2/11/32 | 13:00 Ss) 15 ENE 9 NE 9 NE 4 
4 2/12/32 | 16:00 Ww 35 WSW a Ww 14 SW 14 
5] 3/ 9/32 | 14:30 Ww 20 WNW 12 NW 15 W 21 
6| 3/ 9/32 |. 16:00 WwW. 25 WSW 13 NW 18 Ww 21 saeco 
if 3/10/32 | 15:00 | WNW 45 NW 18 NW 17 NW 30 Gpas ae ae 
8} 3/11/32 | 14:30 | WNW 40 NW 16 NW 14 NW 27 30 14:50 
9] 3/25/32 | 14:30 SE 19-22 SSW 12 SE 15 S) UT eee sees 
10} 4/25/32 | 14:30 SE 18-22 ESE 9 SE 11 SE 12 éiaeis eee 
11} 4/27/32 | 14:20 NW 29-38 | WNW 18 NW 18 NW 32 46 14:36 
12] 4/29/32 | 14:00 SSW 12-18 Ss 12 SE 18 Ss TS th stents hee 
13 5/ 2/32 | 14:15 NW 28 NNW 12 NW 12 NW 21 sv, 
14] 5/ 3/32 | 14:04 | WNW] 8-11 NNW 10 NW 8 NW 14 an 
15} 5/ 4/382 | 18:55 SSW 1 WNW 7 NS) 8 SW 12 os 
16} 5/ 9/32 | 14:55 E 11-14 ESE 9 SE 6 SE 13 oe 
17| 5/18/32 | 14:00 N NNW i NE 3 NW fd oe 
18} 5/18/32 | 14:45 | NNE NNW Zi NE 3 NW 7 se 
19] 5/19/32 | 14:00 SSE 13-17 SSW 10 Ss 10 ] 12 .. 
20] 5/19/82 | 15:25 SSE 1 SSW 11 SE 12 Ss 14 oe 
21] 5/23/32 | 11:15 WwW 15 WNW 9 NW 10 SW 14 ae 
22| 5/23/32 | 12:00 WwW 12 WNW 9 NW 10 SW 15 os 
23] 5/24/32 | 11:00 SSW 8 SSW 6 iS) 8 SW 10 os 
24} 5/25/32 | 10:00 | WSW 18 WSW 9 SW 11 SW 12 ue 
25] 65/25/32 | 14:50 SSW 22 WSW 12 SW 11 SW 16 ocele 
26] 5/26/32 | 14:40 SSW 30 WSW 14 SW 19 SW 24 25 14:40 
27| 5/26/32 | 15:50 SSW 35 WSW 14 SW 20 SW 21 Steeste 
28] 5/31/32 | 14:40 SSW 18 SSW 15 Ss 18 Ss 16 on 
29 6/ 3/32 | 15:15 SSW 16 Ss es Ss 13 8 14 Sm 
30] 6/ 6/382 | 15:35 NW 22-24 NW 10 N 9 NW LT Ae 
31] 6/ 7/32 | 16:45 N 45 NNE 18 N 19 N 26 31 16:40 
32| 6/ 8/32 | 13:25 | WNW 25 NW 13 NW 11 NW 22 27 11:54 
33| 6/ 8/32 | 15:40 | WNW 25 NW 14 NW 9 NW 21 26 15:29 
34] 6/ 9/32 | 14:40 | WSW 30 WNW 13 SW 13 Ww 22 eee 
35} 6/13/32,] 11:50 NE 15 ENE 12 NE 16 E 6 ait 
36] 6/14/32 | 15:30 NE 2 E 6 SE 3 Ss 9 
37] 6/15/32 | 17:30 Ss 25 SSW 10 Ss 14 E 18 
38] 6/16/32 | 14:00 NNE 20 ESE 9 iS) ff Ss 8 
39] 6/16/32 | 14:25 SSE 12 ESE 9 iS) as Ss 8 
40) 6/17/32 | 13:00 N 15 ENE 12 NE 13 E 8 
41] 6/17/32 | 13:20 N 20 ENE 12 NE 13 E 8 
42) 6/17/32 | 14:20 N 25 ENE 12 NE 19 NE 10 
43| 6/22/32 | 17:50 WwW 30 WNW 12 NW 17 NW 22 28 16:04 
44) 6/23/32 | 11:55 | WNW 30 NW 16 NW 13 25 29 10:00 
45) 6/23/82 | 15:25 WwW 32 WNW 15 NW 17 NW 29 36 14:25 
46| 6/24/32 | 11:15 | WNW 25 NNW 14 NW 10 NW 24 28 11:09 
47} 6/24/82 | 13:50 | WNW 40 NW 15 NW 15 NW 27 32 11:54 
48} 6/24/32 | 17:18 WwW 30 WNW 14 NW 16 WwW 24 27 17:04 


* Month, day, year. Height ab hi 5 i i 
ae ee t Heig ove the ground t Height above the street.  § Height 
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Eastern 
Stand- 
_ard 
Time, in 
Date* as 
minutes 
past 
mid- 
night 


(1) (2) 


Height of ane- 
mometer, in feet 


% Maximum veloc- 
q ities (5-min pe- 
aS riod); 3/22/36... 
| | Extreme velocities 
49} 6/29/32 | 16:55 
50] 7/ 1/32 | 15:00 
SL a7] 5/82-| 17:15 
52} 7/ 6/32 | 13:00 
58) 7/ 7/32 | 14:40 
54] 7/11/32 | 13:10 
55] 7/14/32 | 12:55 
56} 7/19/32 | 12:45 
57| 7/25/32 | 14:30 
58] 7/27/32 | 10:30 
59} 7/29/32 | 12:30 
60 8/ 2/32 | 10:15 
61 8/ 4/32 | 10:27 
62] 8/ 4/32 | 13:50 
63] 8/22/32 | 12:00 
64] 8/23/32 | 11:45 
65 8/24/32 | 13:25 
66} 8/31/32 | 16:25 
67 9/- 7/82 | 11:25 
68) 9/ 8/32 | 12:45 
69} 9/ 8/32} 14:50 
70| 9/ 8/32] 16:10 
71} 9/12/32 | 14:07 
72| 9/27/32 | 10:00 
73 9/27/32 | 16:15 
74) 9/28/32 9:30 
75 9/28/32 | 10:15 
76| 9/28/32 | 14:50 
77 | 10/ 3/32 | 13:10 
78 | 10/ 3/32 | 16:30 
79 | 10/ 4/32 | 16:40 


New Yorr 


Crry 


Emprre STATE 
MeETEORO- 
BUILDING acon. 
OBSERVATORY 
Ss 
oc- 
Direc- | Vee | Direc- | ity, 
tion i il eS, tion Se a 
win win miles 
per hour per 
hour 
(3) (4) (5) (6) 
62T 
eats 34 
102 54.4 
WNW 12 NW 9 
iS} 30 SSW 15 
WNW 20 NNW it 
SW 12 WSW 9 
SSE 12 8 10 
NW 40 WNW 18 
NNW 10 NNE 11 
WNW 20 WNW 10 
Ww 8 NW 6 
SSW 15 Wsw Th 
WNW 20 WNW 9 
SSW 13 SSW 8 
Ss 32 NNW | 12 
Ss 38 NNW 10 
NNW 5 NW 5 
NE 10 E 12 
s 8 SSW 9 
EK 6 E 9 
NNW 12 NNW 10 
NNW 42 NNE 24 
NNW 55 NNE 21 
NNW 40 NNE 21 
WwW 10 WNW tf 
SSW 22 WSW ils} 
SSW 22 SW 12 
SSW 42 SW 15 
ia ted 40 SW 16 
WNW 40 WNW 18 
Ss 42 SSW 14 
SE 26-35 | SSW 14 
SE 35 SSE 10 
SSE 52 SSE 14 


Daily News UnitTep Sratms WEATHER 
BurILpING Bureau OBSERVATORY 
Hourly reading} Maximum 
ee 
Dineos dtiey: Ve- | Va- | Time, 
tion of | in 4 loc- | loc- jin hours 
wind |miles| Direc- | ity, | ity, and 
per | tion of | in in |minutes 
hour | Wind |miles| miles} past 
per | per mid- 
hour } hour | night 
(7) (8) (9) (10) | (11) | (12) 
504f 454§ 
65 
71 
NW th SW 1411 Ries | one 
s 27 Ss 29 32 15:19 
NW 8 NW BIC cigs seas 
SW 12 SW 10 
Ss 13 Ss Da Ree ee 
NW 18 NW 29 35 10:55 
N 10 N LST eee & 
NW 13 NW 17 ewan 
NW 6 N i Basis 
SW f Ss 9 aan 
WwW 11 NW 15 tees 
s 9 s il “Gas 
N 14 NW 17 esau 
9 NW 15 ws sis 
6 N 9 Be ae 
15 NE 9 ores 
11 SW 13 ae 
7 SE 9 ches 
11 N 13 bene 
27 N 29 rd es aaere 
26 N 34 40 14:17 
24 N 36 44 16:18 
8 SW TS a | te ere aa 
17 SW 15 ae 
14 SW 18 Ae ae 
20 SW 26 28 9:30 
21 SW 26 29 10:30 
18 NW SZ eteace Saks 
21 SE 24 flees 
24 Ss 24 toe 
17 SE 18 ett 
29 SE 28 ses 
9:44 


34 


50 


35 
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New Yorre 


Emprre STATE ee Daily News | Unirep Starrs WEATHER 
BUILDING peti fee BUILDING Bureau OBSERVATORY 
Eastern OBSERVATORY 
Stand- 
ard 
caret Hourly reading) Maximum 
* 
Date and ve a 
minutes oc- oc- F 
past | Direc- ae Direc- | ity, | Direc- | ity, hig hs bet 
mid- | tion of ws in | tion of | in | tion of | in Di 10c- | 1Oc- jin ey, 
night win mes wind |miles| wind |miles| Direc- | ity, | ity, an 
per hour per per tion of | in in |minutes 
hour hour} Wind |miles/miles] past 


per | per mid- 
hour | hour | night 


(1) (2) (3) (4) (5) (6) (7) | @) (9) | (0) | (1) | 2) 


Height of ane- 
mometer, in feet dates 62t 504t 454§ 


3 
7 |Maximum veloc- 
g ities (5-min pe- 
o 110d)/#13/22/86.4.6 6 | sie whe Bayt 34 seek Pay nee Seg le OB 
& | Extreme velocities| .... 102 See as OSA a dee Be em eee AP, Persp ll bak 
97 | 10/26/32 | 11;05 SSE 13 ESE % SE 6 SE 9 || alee ace 
98] 10/28/32 | 14:40 SSE 27-35 NW 18 NW 15 NW 29 34 14:58 
99 | 10/29/32 8:55 SSW 4-10 Ww 5 Ww 5 | WSW Z| aicte te eee 
100 | 11/ 1/32 9:00 SE 75 SSE 17 SE 40 SE 39 40 
101) 11/ 1/32 | 10:30 SE 75 SSE 18 SE 41 SE 40 |.... 
102 | 11/ 1/32 | 12:00 SSE 75-95 | SSE- 14 NW 16 NW 56 


103] 10/ 1/32 | 16:05 | WNW | 42 NW | 17 | Nw | 16 | Nw | 29 |.... 
104] 11/ 1/32 | 16:50 | WNW | 45 NW | 17 | Nw | 16 | NW | 23 | 29 
105| 11/ 1/32 | 17:15 | WNW | 50 N 17 | Nw | 16 | Nw | 29 | 36 
106 | 11/ 9/32 | 11:00 | NE | 45-57 | ENE | 24 | NE | 34 | NB ips lhe 
107 | 11/ 9/32 | 12:00 | ENE | 45-60 | ENE | 27 E 36 NE 12 
108 | 11/ 9/32 | 14:20 | ENE | 55-70 | ENE | 28 E 38 | NE 14 
109 | 11/ 9/32 | 14:45 | ENE 60 ENE | 28 E 38 | NE 12 
110] 11/ 9/32 | 16:30 | ENE 60 ENE | 29 E ‘Al NE 13 
111} 11/11/32 | 11:00 Ss 25 ssw] 10 Ss 16 Ss 13 
112} 11/15/32 | 9:50 | SW 35 | WSw | 12 sw 12 SW 8 
113] 11/18/32 | 11:00 | ENE | 6-10 | ENE | 10 | NE 9 | ENE 7 
114} 11/18/32 | 16:00 | ENE | 15-16 | ENE 9 BE 12 | ENE 6 


115 | 11/19/32 | 13:10 SSE 65 SSW 22 Ss 37 iS) 44 49 13:24 
116 | 12/ 2/32 | 14:00 | WSW 35 WSW | 13 SW 13 SW 14: 1} Crea. ee 
117 | 12/ 2/32 | 16:00 SW 35 WSW | 13 SW 16 SW 12 
118 | 12/ 9/32 | 10:15 8 fe Ss 4 s 7 7 
119 | 12/21/32 | 11:40 SSW 34 WSW 12 SW 14 SW 22 
120 | 12/27/32 | 17:20 | ENE 12 NE 11 NE 17 NE 10 
121 | 12/28/32 9:40 SSW 12 ENE 6 SW 6 SW 9 
122 | 12/30/32 | 11:45 SSW 8 E 1 SW 5 iS) 10 
123] 1/ 6/33 | 17:10 SW 29 WSW | 12 WwW 15 Ww 11 
124/ 1/ 7/33 | 12:15 | WSW 50 WSW | 17 WwW 24 Ww 30 35 | 12:06 
125] 1/11/33 9:10 SSW 42 SW 19 SW 24 SW 25 28 9:42 
126] 1/11/33 | 10:35 SSW 50 WSW } 15 SW 20 SW 19 25 | 10:00 
127] 1/13/33 | 16:16 NE 15 ENE 15 E 15 NE 7 
128} 1/20/33 | 16:10 | WNW 28 NW 11 NW 12 NW 18 26 16:07 
129| 1/25/33 9:30 | ENE 58 ENE 15 NE 18 E 10 


143) 3/10/33 | 12:30 | WNW] 52 | NW | 24 | Nw | is | Nw | 3s | oy | i355 
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New York 


Emprre State Crry Daily N 
MeErroro- aily News Unitep Starrs WEATHER 
e BurtLpIne APayenaiivs BUILDING Bureau OBSERVATORY 
astern OBSERVATORY 
Stand- 
ard 
Time, in 
Date* hours Hourly reading} Maximum 
and Ve- Ve- 
minutes Vel loc- loc- 
past | Direc- ity a Direc- | ity, | Direc- | ity, Ve- | Ve- | Time, 
mid- tion of oe és tion of | in | tion of} in ‘ loc- | loc- jin hours 
night | wind er hour| Wind |miles| wind |miles Direc- | ity, | ity, | and 
peo per per | tion of | in in |minutes 
hour hour| Wind |miles|miles} past 
per | per mid- 
hour | hour | night 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) | (11) | (12) 
Height of ane- 
mometer, in feet Pause 62T 504t 454§ 
iS) 7 
7 | Maximum veloc- 
F ities (5-min pe- 
oO riod); 3/22/36...| .... eae Bane 34 Mere ears Riatoa Ry didi wialoas9 
& | Extreme velocities} .... 102 Ries sO A |e & ngewe eres + Seal ere! 
144 3/15/33 | 11:00 | WNW 50 ENE- 1 NW 12 NW 21 34 10:45 
145} 3/21/33 | 10:45 NE 40 NNE 13 NE 23 NE 14 
146 3/25/33 | 13:25 SSE 15 Ss 11 Ss 13 fs) 14 Bt sis 550 
147| 3/28/33 | 17:00 | WNW 41 NNW 18 NW 17 NW 27 35 17:20 
148) 4/ 4/33 | 17:00 | WNW 45 NW 19 NW 19 NW 30 30 17:04 
149] 4/19/33 | 11:20 NE 44 ENE aL E 28 NE 12 
150} 2/ 3/36 | 14:00 0 WNW 4 NW 5 N 5 
151 3/ 2/36 | 18:40 SE 35 ESE 12 SE 15 E 18 
152} 3/ 9/36 | 17:00 SW 22 SSE 8 9 Ss 7 
153} 3/11/36 | 14:45 SE 55-60 ESE 18 SE 29 SE 30 32 14:55 
154 3/18/36 | 14:40 E NE 21 E 27 E 9 atte waltse 
155 3/22/36 | 10:25 NNW 90 NW 28 NW 27 NW 56 58 10:10 
156 3/22/36 15:55 NW 50-60 NW 25 NW 23 NW 47 54 15:50 
157| 3/22/36 | 16:10 NW 50-60 NW 27 NW 23 NW 45 54 16:35 
158} 4/ 1/86 | 14:15 Ss 25 SE 9 SE 8 SE Qa ve hava We ar 
159} 4/ 7/36 | 12:25 E 20 ENE 13 NE 11 E 6 
160| 4/ 8/36 9:36 NNW | 40-45 NW 16 NW lf NW. 36 
161} 4/ 8/36 9:53 te Partie NW 16 NW 17 NW 36 
162} 4/13/36 | 15:50 NNW 20 NW 11 N 11 N 10 
163} 4/14/36 | 15:45 | NNW 25 SW 10 SW 13 SW 15 
164| 4/15/36 | 10:00 NW 45 SE a SE 4 SE 1 ee 24, 
165] 4/17/36 | 11:00 | WNW 3 WNW 15 Ww 23 WwW 31 32 11:37 
166] 4/29/36 | 14:10 eaete Aga SE 11 SE 11 SE Sal teens sew 
167} 4/29/36 | 15:00 SE 13 Ss 15 SE 18 
168| 4/30/36 | 12:05 SSE 9 Ss 13 SE 13 
169 5/16/36 | 11:30 NNE 10 N a N 10 


that same hour, as recorded by the Federal Observatory, is given in Column 
(11). The exact time that this maximum was taken is given in Column (12): 

The maximum velocity during the storm of March 22, 1936, for a 5-min 
period, was 34 miles per hr in Central Park, and 65 miles per hr at the Federal 
Station. The extreme velocity at the Federal Station was 71 miles per hr 
whereas a velocity of 102 miles per hr was noted at the Empire State Building. 
A pressure of 20.2 lb per sq ft has been reached once in Central Park since 1919. 

The Federal Observatory is in the Whitehall Building overlooking Battery 
Park on the south end of Manhattan Island. In the vicinity there are a num- 
ber of buildings as tall or taller than the one containing the U. 8. Weather 
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Bureau Station, which to a considerable extent affect the readings of the 
anemometer. These tall buildings lie to the north and the northeast. To the 
south and west there is nothing between the instruments and the harbor. The 
anemometer is 454 ft above the harbor, and about 4.5 miles due south of the 
Empire State Building. 

The News Building is on the south side of Forty-Second Street between 
Second and Third Avenues, and about 900 ft east of Lexington Avenue. This 
structure is much taller than any other building east of Lexington Avenue, 
except the Chrysler Tower, so that all buildings that are anywhere near the 
anemometer in height are shown in Fig. 6. The height of the anemometer is 
504 ft above the street and 30 ft above the roof. 

The New York City Meteorological Station is in Central Park, about 0.3 
mile west of Fifth Avenue and 2.9 miles north of the Empire State Building. 
The observatory is in the approximate center of the park which has a width of 
about 0.5 mile and a length of a little more than 2.5 miles. The anemometer is 
62 ft above the ground and is of the rotary cup type. This elevation places 
it well above the trees of the park but lower than the buildings on the adjoining 
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The direction and approximate velocity of the air currents around the Em- 
pire State Building have been observed by watching the drift of fog and of snow 
flakes. The results of one typical observation are given in Fig. 8 which shows 
that the flow of the air is greatly disturbed by the building in a manner that is 
far from simple. Another observation on February 8, 1936, showed definite 
vertical currents, up as well as down, whereas the anemometer recorded a zero 
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reading and the direction arrow rotated in an irregular manner over the entire 
range of the dial. 

During a strong wind a rubber balloon was tied to a long thread and sent 
out from the highest point of the mast. It did not move horizontally away from 
the wind as was expected, but eddied about the lee side of the building and the 
mast. It made one vertical trip the full length of the thread (several hundred 
feet) and returned. It did not leave the lee side of the building until 15 min 


after the thread was severed. From these observations it is quite evident that . 


the velocity of the wind acting on the surface of a building is entirely too com- 
plicated to be represented by a single reading. 

Table 1 shows that recording instruments within a few miles of each other 
differ widely in their readings while recording a storm. This table (which 
justifies considerable detailed study) reveals the fact that each station has 
individual characteristics that must be understood, when interpreting data. 


MANOMETERS 


In order to study the pressure and the pressure distribution of the wind 
over the surface of the building ten gages were placed on each of three floors: 
The thirty-sixth, the fifty-fifth, and the seventy-fifth (see Fig. 4). 

The opening in the outside wall consisted of a hole, 14 in. in diameter, placed 
on a spandrel of aluminum. Great care was taken in boring the hole to have 
the edges sharp and true. A 0.5-in. galvanized iron pipe, with specially 
designed air-tight couplings, led from each hole to one of two closets on this 
same floor. These pipes were embedded in the floor and the holes were bored 
during the erection of the building. 

Each closet contained a rack consisting of ten glass tubes (see Fig. 9) which 
were fastened together in pairs at their lower ends by a short rubber tube, 
forming five U-tubes, which were partly filled with colored water. One end 
of each tube was connected to one of the galvanized pipes, previously de- 
scribed, by means of a rubber tube, thus subjecting it to the pressure of the 
outside air. The other end was open to the air pressure of the closet. Al- 
though the tubes were placed on a slant the scales were made to measure 
vertically; therefore, no allowance was made for this increase in length of tube. 
The difference in level between the two columns of water gave a measure of the 
difference in pressure of the air in the closet and that against the 14-in. hole. 
There is some possibility that the air pressure in the two closets was not the 
the same during a high wind. The doors were left open during visual readings 
but not during the camera readings. 

When the equipment was being installed it was felt that better information 
could be obtained by having all readings (on the manometers and on the steel) 
made at the same time by electrical control. In each closet a camera was 
focused on the five U-tubes; and each extensometer (described subsequently) 
had a camera attached to it. All were operated from a common button on the 
twenty-fourth floor. In its operation this set-up did not prove entirely satis- 
factory. During a strong wind storm the building not only deflects but also 
vibrates, and the camera may catch a reading on the steel at the maximum or 
minimum of the strain due to this vibration. With the manometers, on the 
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other hand, the fact that the wind comes in gusts might cause ‘a reading higher 
or lower than the mean pressure. The average was taken in all cases when vis- 
ual readings were made. It took several minutes from the time the dial was 
read on the first floor until the observer had made all his readings on the several 
floors and returned to the first floor. In a considerable number of cases the 
character of the storm changed very materially during this time. 

The cameras were a source of annoyance because they often jammed, and, 
in this way, much valuable information was lost. 

In computing the pressures given in Table 2, 1 in. of difference in liquid 
elevation was taken as 5.2 lb per sq ft on the wall surface. The manometer 
readings given in Table 2 show the general character of the pressure distribution 
during a number of characteristic storms. Where the wind changed materially 
during a visual observation the results were not recorded. It is worthy of note 
that there is a great variation in the distribution of load among the floors. 
Some of the storms seem to affect only the upper floors and anemometers whereas 
others affect some lower level. One instance was noted in which the wind 
registered 70 miles per hr. Below the seventieth floor it was calm whereas 
above that floor the wind was strong. At another time a strong wind was noted 
at the thirty-sixth floor and it was comparatively calm at and above the fifty- 
fifth floor. 

The manometer tubes (see Fig. 4) recorded both positive and negative 
pressures. Fig. 10 gives a graphic illustration of the distribution of the wind - 


90 Miles per Hour; NNW 50 to 60 Miles per Hour; NW No Wind 


(c) SEVENTY-FIFTH FLOOR 


Fre. 10.—Oxsservations Drnorina Pressure In Pounps PER Square Foor; Arrow INDICATES 
Direction oF WIND 


pressure over the surface of the building and impresses one with the lack of 
uniformity of this pressure. Three types of storms, as recorded by the ane- 
mometer, were selected. 
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TABLE 2.—ReEcorp OF MANOMETER READINGS (PRESSURE 


: = Turrty-StxtH FLooR Firry- 
pee (ar OBSERVATION STATIONS; SEE Fra. 4) (aT OBSER- 
Ttem Ve- 
No.* loc- 
Direc- jity, in 7 8 9 10 1 ee 3 
tion |miles 1 2 3 - 2 id 
per 
hour 
ssE_| 68 | +26| +36] +30/ 0] —20] —36/ —19| —28| —35| +21/ +50| +53 | +47 
Wh 31 ee us —10} —04| +30; +40} +17] +05] +10 00) —04 —09 —08 
103 | WNW 42 +05} +20] —07} —01| +90/ +37 +05} +10} +10) —20} —15] —10 
106 NE 50 | +04] —15] —17] —03} —23|! —30} +18] +28] +29 +70 —O07 —26 —30 
107 | ENE 52 +10} —30} —40| —04] —80! —18} +26] +60} +30; +50) +16] —45| —46 
109 | ENE 60 0} —50| —40} —10} —40; —10} +10} +30] +40] +60 0} —30 |} —5S6 
111| Ss 24 |+420|-+92/+10/ 0] 0| —o5| 0 0} 0} +10) +07 | +10 | —0¢ 
113 | ENE 12 +03 | +02] +05} —01) +06} +04) —07| +15] +15} +18) —08] —10 sett 
116 WwW 30 —02} +14} +10} +05} +06! +07 0; +05} +03! +03} —03 | +19 | +25 
117 SW 35 —04} +16 | +21! +05} —03|] +03) +07} +08] +06] +03) —03 | +17 | +23 
118 | SSW 7 +10}; + 7/4+ 7 +10} +07} +09 | +06} +04] +12) —10} —11] —17 
119 SW 43 —15 | +29} +42] +05] —03|] —05) +04 +11 +13 0} —19 | +16 | +08 
122 | SSW 8 +01 | +04} +04] + 0} +03} +04] +06] +05] +03] +06} —03 | —04 | —09 
123 | WSW 35 —02; +18} +29] +07} +22] +14) +04] +05] +03] +07 —12 +09 |} +18 
125 | SSW 53 —37 | +54) +45] +05} —90} —25) —08 +02} —20) —25| +34] +49 
us NE 13 | +19} +09 | +10 0} +13} +12) + 6] +31] +27-| +22) —07| —14]| —16 
127 | ENE 16 | +09} +05] +06 0; —03} +08} +19} +21] +25! +21) —09] —16]| —19 
128 Ww 35 +02} +07 | +16} +01} +29] +21! —06| —14] +06] +06] —06} —05| —25 
ie NE 52 —07 | —75| —60} —03 | —40} —20] +11] +35] +80} +40] +01] —39 | —52 
130 NW 50 —06 | —13/ —13} —03} +51] +56] —20] +36] +11] —19] —29 | —26 | —97 
135 Ww 10 ar 7 +07] +08 | +03] +08} +05] —08 | —o6 | —09 
137 NW 58 Be: : —13}) +20 | +07 0} —30} —38| —47 | —54 
138 NW 57 fe ce —33; —25| +15| +389] +18] —18] —28} —42 
144 | WNW 52 —08 0 0} —04} +14] +19] —12] +02] +13] +02] —24] —31 | —44 
145 NE 32 —08 | +08 | +12} +02) +13] +06] +32} +35] +31 +15| —05 | —05 | —04 
147 NW 39 —66 | —09 | —28} —01] +18] +31] +13] +14] +15] —07|] —12 —18 | —19 
148 | WNW 45 —03 | +10] +05] —06 | +50).+25} —15]| —29| —15 +01); —10} —05 | —45 
149 NE 44 | —10} —25| —60| —28] —40] —25] +14] +40 +51] +27}| —09 | —29 | —43 
150 oe 15 +15] +10) +15] +08] +20] +40 +20} +40] +40} +40] —15 +05} + 0 
151 SE 35 0 0 0 0 5 he or es 0] +20} +20 
152 SW 22 0 0 0} —20} —25| —20] —20] —50 0 0 0 
153 SE 55-60} +20 0} +25] +25] +10} —15} —25] —20 +40 | —130} —80} +30] +50 
154 E 55 we 0} +20] +20] +10] —10} —30} —40} —50|} —20 o0| +10} +10 
155 | NNW 99 —20 0} +20] +20 0 | —105) +60] +35] +20] +65] +30 +60 | +60 
155 | NNW 90 aa 0{ +10} +10) +10} —115] +95] +50 0] +65} +30] +90] +60 
155 | NNW 90 | —10} +10] +10] +10 +10 4 5 ate ed +10) +20] +10 
156 NW_ {50-60 0} —10] —10 0 0| —60) —15}| —20} —10] +95] +15 = +50 
156 NW 50-60) +10] —10] —10 0 0} —40) —30} —20} —30} +85) +30 +40} +40 
157 NW _ {50-60} .. 0 0 0 0} —20) —15| —20] —20] —20 0; —10} +10 
158 Ss 35 a ; : —20) —20| —20| —20| —40] —10 0 
159 Ss 20 we ens a ; 0 0 0 
159 Ss 20 —25| —25| —30| —30] —50 0 0 0 
159 5 : 20 —20} —20| —30| —30} —50 0 0 0 
160 NW (40.45 —50| —25| —30] —35] +90] +20 +25 | +20 
160 NW |40.25 —40} —15 | —25] —45|] +70] +10 +20 | +20 
161 | NNW —70| —10| —3 ad 
162 | NNW ee 
162 | NNW =35| —30| —30] —30] —10 0 0 0 
163 NNW —15} —15] —15| —10| —25 0} —20} —20 
164 | NW —85) +85 | +65] +10] +15] —90| —10] +30 
164 | NW a - 3 - | —90] —10] +30 
164} NW —70} +60] +50] +10 0) —90] —10} +30 
165 | WNN —35} —10] —20] —10] —20 0; —10 
166 | WNN —35| —10| —10] —10| —20 Q ts 


* See corresponding Item No. in Table 1. 
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ON SIDE or Buripine, 1n Hunpreptus or Aan INcH or Heap or Watrr) 


Firra Fioor Srvenry-Firrg FLoor 
VATION STATIONS; SEE Fic. 4) (at OBSERVATION STATIONS: sEE Fra. 4) 
A 5 6 7 8 9 10 it 2 3 4 5 6 7 8 9 10 
+08] —23) —27| —17] —30] —22 “£20 —29 | —44/+20/+18 | —40] —24 | —02 | —17 | —17 +30 % 
+08 —42 +55} —10 0} —02|) —03} —15| —12|—17/-++03 +12} +40 | —03 |—12]}—10] —15 
00} +50 +50 00 0 0} —10} —10| —20]—20}4+05] +35]+55 0 |—25 |—15 | —05 
+07 | —40} +53) +32) +29] +07 | —38!] —07 —27 | —37 |+04} —37}—31 |+03}+15/+20] +14 vy 
+06} —50} —38} +15] +29] +36 +56 | +07 | —50 | —43 00} —93]—60 |+10 |+60 |+48 | +70 , 
0) —450} —60 0; +60} +50] +30 0} —50 | —55 0} —50}] —50 0 |-+80 | +50] +50 


+05 +21; —32| —32} —26] —22| —37] —50|—53/—04| +32/+24] 11|—42|—43] —39 

+04 | —18| —17| +14] +24] +11] —24] —13] —26/-29| 0] —27/-33| ol/+03] 0] —40 

+03] +22! +21] +05] —05/ —og| —16| —35| —39 | —37 0| —34 | —02 | —05 | —20 | —29 

+05 | —47| +46} —12] —17| —23] —13] —22] —33|—83|+02] +17]-+50|—o2 | —31 | —31 | —32 

+02] —34| —39] 0] +15] +22] +14] —29] —44/—45 —60] —59 | —01 | —02 | +09 | +07 

+-15| +05] +05} 0] —05| —15 +20] +30/+20]—10! +35/+30/ 0/+20!+30| +30 

—10} +10) +10] +10} +15] +25 | —25|] +10] +30/+30]—10] +35 a 

Ait) 0 o| 0 +10 0 ' 

—10} +10} +10) —20| +40] +60] —90] —70| +30/+30] “‘o| +30 

—20] +20] +20} —10} —30| —40] —90 0} +20}+20}—10] -+20 

—10 | —150} —110] +60] +80] +20] +30] +20] +40/+40/—20}—180]) -: | |) | 2. | ci] 2: 

—10 | —170] —130] +40} +90] +50] +10] +10] +30/+30 |—20/—160/+30] ‘0 |+25}+55 | +10 

—10| —45} —30] +20] +10] +10] +10] +20] +30/+20]—10| —so] .. 0|+10 |+15 | +10 

—10] —40] —50] +20 0| +20} +10] +20} +30/+20|—-10] —40/+40] 0/|+20/+70] —90 

—10] —35} —50} 0 0| +10} +20] +20] +30}+20/—10] —50/+25|—15|—50|—50| —10 

= {Ole 10).—=10) 0 0 0 —10 0}+05} o| 0|+10] +05 

—20 0 (| @ CAO) | Ole O|F= TOPO | ‘0! =E10 |e), Mula 

—20 0 GQ) yh 0} of} +20] +20/+10]—10] +20 

—20 0 Oo = @ 0 0 0} +20] +20/+20] 0] +20 

—20 0 Ol 20 Oo} oO} 0} +20] +20/+20] 0} +20 

= T0350 —50)_ os 0 0| +10} +20] +30]+20]—10] —40 

—20] —60} —60| +10 0| 0} +10] +20} +20}+20}—10} —40 

—20| —50} —50] +10 0 0} +10] +20] +20}+20]—20] —30 

= 10, —=20|) 20) —10 |= 0 0 0} +10/+10}] 0 

—10] —20} —20] —10 0 Ol eeeLONmet1 0) eel men ONle 10 |aee eee een 

=20)| 10] ;—10) 0 0 0 0 0} —10 | —10 | —20 0| 0|/-10/ 0/+10 

+10] +10] —85] +10] +20] +30] +20] +20] +20/+40]—10] —70/—s0|—10|-+05 |-+30 | +10 

+10} +10} —80] +10} +20] +20] +20] +20] +20/+40} 0] —60/—s0|—10|+05|+30] +10 

+10] +10] —85] +10| +20] +20] +10} +20] +30}+40/—10! —70/-10/-10]} 0|/+15| +10 

—10| —35} —30] 0] +10] +10] +10] +20] +20]+20]}—10| —10/—10] .. 0|+15 | +10 
—30/ 0 0} +10] +10] +10] +10}+20}—10] —20] .. a 
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Messrs. Hugh L. Dryden and G. C. Hill, of the National Bureau of Stand- 
ards, subjected a model of the Empire State Building, 5 ft high, to air currents 
of known velocity in a wind tunnel, and recorded the pressure at a great number 
of points,’ including the stations shown in Fig.4. A comparison of the pressures 
on the model and those on the building shows clearly that the natural wind 
movements are not at all like those in a wind tunnel. 


DEFLECTION 


For a study of the deflection of a tall building under wind loads a better 
planned structure than the Empire State Building could not be found. It is 
not only the tallest building in the world but it is symmetrical in plan about 
both planes parallel to its sides, and through its vertical axis. The stair well, 
or fire tower, is near this central axis (Fig. 4) and gives a clear sight from the 
sixth to the eighty-sixth floor. 

The data reported herein are those of the movement of the eighty-sixth 
floor relative to the sixth. The lateral movement of the sixth floor is doubtless 
small and may be neglected. 

In effect, the building is a huge cantilever and as such has two distinct 
movements when acted upon by a wind storm: It deflects from the vertical; 
and it vibrates with a definite period, similar to the tines of a tuning-fork when 
struck. A steady wind causes deflections only, whereas a gusty wind will set 
up vibrations with amplitudes that vary with the strength and character of the 
storm. Under the action of a strong wind the building vibrates about a mean 
position in the direction parallel to its narrow side and, with a different period, 
in a perpendicular direction. Apparently, these two vibratory motions are 
independent of each other, differing both in amplitude and period. 

Two methods were used to study the motion of the upper part of the building 
during a storm. A specially designed vertical collimator with a right-angle 
eye-piece was set up on the sixth floor and sighted on a target on the ceiling of 
the eighty-sixth floor. From a point near this target a plumb-bob was sus- 
pended so that the bob hung near the sixth floor. The collimator proved very 
useful in studying the vibrations of the building both as to period and amplitude; 
the plumb-bob was more useful in obtaining the deflections. At the time of 
reading either instrument the velocity and direction of the wind at the mast 
head were recorded. 

THe Fire Towrr 


One of the most valuable features of the building from the standpoint of 
this investigation is the fire tower. Although there are several offsets in this 
tower there is a clear opening from the sixth floor to the eighty-sixth floor (a 
vertical distance of 972.5 ft) of about 54 in. in either direction, leaving sufficient 
room for both the plumb-bob string, and the collimator sight. In order to 
defeat the tendency for vertical currents of air to occur in the shaft, a diaphragm 
was installed at the fifty-fourth floor, holes being left for the line of sight and 
the plumb-bob string. Even after the installation of this diaphragm there is a 
strong current of air into the tower when the doors leading from the building 


§“Wind Pressure on a Model of the Empire State Building,” b L. i 
Research Paper No. 625, National Bureau of Staagani De ee Dann ee ee 
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floors are opened, particularly above the fifty-fifth floor. When the doors are 
closed the leakage of air under the door is quite perceptible but the volume of air 
admitted is small. At each floor the stairway is separated from the tower by a 
partition containing a door. All doors to the tower were kept closed except 
when in use. 

As the tower is very close to the vertical central axis of the building any 
rotation of the building about this axis does not affect the readings. Deflections 
that persisted over a considerable period of time could be obtained to any 
desired degree of accuracy by means of the plumb-bob, whereas rapid move- 
ments could be studied by means of the vertical collimator. 


THE PiumMsB-Bos 


The plumb-bob consisted of a 35-lb concrete cylinder (Fig. 11) containing 
considerable scrap iron. It was suspended by a three-strand sounding cable 
from the ceiling of the eighty-sixth floor to a convenient height above the 
sixth floor so that the distance from the 
point of suspension to the center of the bob Eke ot ae 
was 969.25 ft. Due to this great length of EI 1047.5! 
suspending wire the bob did not follow 
rapid movements of the building, but main- 
tained a position under the mean location 
of its point of support. 

The first bob designed had a brass point 
on the lower end but trouble was experi- 
enced by the weight bending this point 
when it hit the lower target (marked in 
tenths of an inch) on which the readings 
were made. In order to prevent this effect, 
and to allow for vertical adjustment, a very 
small bob was suspended from the lower end 
of the larger one. The point of this second 
bob was adjusted so that it exactly cleared 
the target. 

Oil baths were used to damp out the 
swing of the bob. With the dampers the 
readings were easily obtained to within 0.1 
in., or even closer, during a light wind. 
During a heavy wind the bob had a ten- 
dency to oscillate, due to the movement of 
the point of support and also to slight up- 
ward currents of air. As the motion in any Fie. 11.—Dracram or Piums-Bos Sur-Up 
definite direction was that of a damped har- 
monic it was not difficult to estimate the position of rest to within 0.2 in. and 
in most cases to within 0.1 in. Once or twice the position of rest was difficult 
to determine with an accuracy of less than 0.5in. This occurred during very 
strong winds and was probably due to the shifting of the mean position of the 
eighty-sixth floor during the time the observations were being taken, 


Concrete 


nN 
nN 


El 75.0! 
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Some question has been raised as to the accuracy of the plumb-bob as an 
instrument for noting the movement of the building because of the leakage 
of the air into the shaft and also because of the fact that the point of support is 
not steady. The size of the fire tower, except at the diaphragm across the 
fifty-fourth floor, is more than 125 sq ft, with the result that upward currents 
are slight and those that do occur do not deflect the plumb-bob string in one 
direction more than in another. When a door was opened a serious disturbance 
occurred, but it subsided at once when the cause was removed. As to the 
effect of vibration on the action of the bob, it is to be noted that the building 
vibrates from 6 to 8 times per min whereas the computed period of the bob is 
between 34 sec and 35 sec. As the bob did not record movements of its sup- 
port that are not of greater duration than the period of its swing, the building 
vibrations are not recorded by the bob, 
but their mean position is determined by 
it. 

The tidal effect on a pendulum of this 
length can easily be shown to be small 
enough to be neglected. 

A large number of readings have been 
recorded to show the position of the 
plumb-bob, together with the recorded 
wind velocity and direction. A few rep- 
resentative data are given in Table 3. 
In plotting these readings the writer di- 
vided them into three groups for the sake 

Distance East of Assumed Origin of clearness: Table 3(a), for a wind ve- 

Fria. 12.—MoveEMENT oF Bene DvRING locity of less than 20 miles aes br; Table 

a Ligur Winp (0 ro 20 Mites per Hour) 3(b), for recorded wind velocities between 

20 and 30 miles per hr; and Table 3(c), 

for a wind velocity greater than 30 miles per hr. Fig. 12 is an example of 
the form in which the data were plotted. 

The first group (see Table 3(a)) shows that the building fails to return to a 
definite position of rest. This is to be expected as there is considerable inelastic 
and semi-elastic material surrounding the steel frame. It is probable that 
this material resists recovery, and that there is a small amount of stress left 
in the steel after the building is relieved of a heavy wind pressure. As a result, 
if the wind were to shift to the opposite direction, the building would pass 
through the zero point of deflection much more readily than a simple stress- 
strain curve would indicate. This action would, in no way, endanger the 
building as the phenomenon will not occur except at low stresses. Fig. 12 
gives an idea of the extent of this plastic set because it can be assumed that the 
deflection of the building due to the wind pressure is low and so may be neglected. 

The forces due to the high wind (see Table 3(c)) are great enough to over- 
come the plastic deformations of the storm immediately preceding the one 
observed and so in each case, in the third group, the displacement would be due 
to the wind recorded and not to the effect of a previous storm. 


Distance South of Assumed Origin 
of Coordinates, in Inches 
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TABLE 3.—P.iums-Bos OssErvations, E1gury-Sixt Fioor ro Sixta FLoor 


Item 


No.* Datet 


Eastern 
Stand- 


minutes 
past 
mid- 
night 


DIsTANCE 
WIND FROM 
CHARAC- ASSUMED 
TERISTICS ORIGIN, 
In INcHES 
Ve- 
Com- | loc- 
# iieeca lei East |South 
tion per 
hour 


DIsTANCE 
Eastern Wind FROM 
Stand- CHARAC- ASSUMED 
ard TERISTICS ORIGIN, 
Time, In INcHES 
in 
ee Datet | hours 
4 and Ve- 
minutes Com- loe- 
past ass |ity,in 
mid- Hees Tiles East |South 
night | tion | per ¢ 
hour 
(a) Winp Veuociry Less THan 
20 Mites per Hour 
9 3/25 | 13:25-| SSE 15 | 9.00 | 6.30 
18 5/18 | 14:00 N 8 | 8.60 | 6.60 
19 BLO elo 25: SSE 15 9.00 | 6.40 
21 6/23 | 11:15 WwW 15 8.70 | 6.40. 
22 5/23 | 12:00 WwW 12 8.70 | 6.20 
23 5/24 | 11:00 SSW 8 8.80 | 6.50 
24 5/25 | 10:10 | WSW 8 | 8.90 | 6.35 
35 6/13 | 11:50 NE 15 8.60 | 7.20 
36 6/14 | 15:00 NE 2 | 9.10 | 7.00 
39 6/16 | 14:25 | SSE 12 } 9.15 | 6.85 
49 6/29 16:55 | WNW 12 9.20 | 7.00 
§2 7/6 13:00 SW 12 8.90 | 6.65 
53 a uh 14:40 SSE 12 9.05 | 6.90 
55 7/14 | 12:55 | NNW] 10 | 9.18 | 7.08 
57 7/25 | 14:30 | WNW | 12 | 9.10 | 6.85 
58 7/27 | 10:30 | SSW 15 | 8.90 | 6.45 
60 8/ 2 | 10:15 | SSW 13 | 8.45 | 6.65 
63 8/22 12:00 NW 5 8.80 | 6.55 
64 8/23 | 11:45 NE 10 8.65 | 6.40 
65 8/24 13:25 Ss 8 8.75 | 6.10 
66 8/31 16:25 E 6 8.90 | 6.40 
67 9/ 7 11:25 | NNW 12 8.65 | 6.30 
71 9/12 | 14:07 Ww 10 8.87 | 5.87 
87 | 10/14 | 16:51 | WSW | 10 | 8.81 | 5.47 
96 | 10/25 | 13:10 EK 15 | 9.00 | 6.05 
97 10/26 | 11:05 SSE 13 9.25 | 6.20 
120" | 12/27 17:20 | ENE 12 8.75 | 6.95 
127 1/13 16:16 NE 15 8.89 | 6.31 
136 2/18 | 16:30 | WSW | 18 | 8.70 | 6.21 
oe i 3/23 16:50 SW 5 8.60 | 6.40 
165 4/17 | 11:00 | WNW 3 | 8.50 | 7.00 
(b) Winp VELOCITY FROM 20 TO 
30 Mites per Hour 
25 5/25 | 14:50 | SSW 22 | 9.05 | 6.50 
32 6/ 8 | 13:25 |WNW | 25 8.80 | 6.40 
33 6/ 8 | 14:40 | WNW | 25 | 8.80 | 6.40 
37 6/15 | 17:00 Ss 25 9.10 | 6.40 
42 6/17 14:00 | NNE 20 9.10 | 7.10 
46 6/24 | 11:15 | WNW} 25 9.00 | 6.50 
51 7/5 | 17:15 | WNW | 20 | 9.15 | 7.00 
56 7/19 | 12:45 | WNW | 20 | 9.00 | 6.90 
59 7/29 | 12:30 | WNW] 20 | 8.85 | 6.35 
72 9/27 | 10:00 | SSW 22 | 8.30 | 5.40 
73 9/27 | 16:15 | SSW 22 | 8.70 | 5.70 
88 | 10/17 9:00 SE 22 | 9.20 | 6.10 
92 | 10/21 | 10:00 WwW 22 | 8.90 | 5.20 
93 | 10/21 | 10:20 Ww 28 | 9.20 | 5.65 
95 | 10/22 9:10 NE 22 | 8.90 | 6.25 
98 | 10/28 | 14:40 | SSE 25 | 9.30 | 6.15 
111 | 11/11 | 11:00 Ss 25 | 8.80 | 6.00 
128 1/20 | 16:10 | WNW | 28 | 8.387 | 5.82 
152 3/9 | 17:00 SW 22 | 8.90 | 6.40 
158 AjA | 14:15 8 25 | 8.10 } 6.30 
159 Ale7 | 12:25 E 20 | 8.40 | 7.30 
162 4/13 | 15:50 | NNW | 20 | 8.70 | 7.25 
163 4/14 | 15:45 | NNW | 25 | 8.20 | 6.80 


(c) Winv Vetociry Mort Tuan 
30 Mites per Hour 


27 5/26 
31 6/ 7 
43 6/22 
44 6/23 
45 6/23 
48 6/24 
50 ie 
54 7/11 
61 8/ 4 
62 8/ 4 
68 9/ 8 
69 9/ 8 
70 9/ 8 
ae 9/28 
Oe WO) 3 
79 | 10/ 4 
80 | 10/ 5 
81 | 10/ 5 
83 | 10/ 7 
84 | 10/11 
86 | 10/12 
89 | 10/18 
90 | 10/18 
91 | 10/19 
94 | 10/21 
100\ | 11) 1 
101 | 11/ 1 
103 | 11/ 1 
104 | 11/1 
105 | 11/ 1 
109 | 11/ 9 
110 | 11/9 
112 | 11/15 
115 | 11/19 
124 L/% 
125 1/11 
126 1/11 
129 1/25 
130 1/28 
131 By 
132 2/10 
133 2/15 
134 2/15 
151 3/ 2 
153 3/11 
154 3/18 
155 3/22 
156 3/22 
157 3/22 
160 4/8 


15:50 
16:45 


15:25 


SSW | 35 
N 35 
Ww 32 

NW 40 

s 32 

Ss 38 
NNW | 42 
NNW | 55 
NNW | 40 
SSW | 42 
5 42 
SE 35 
SSE 52 
SSE 45 
WNW | 32 
WNW | 34 
WwW 41 
NE 35 
NE 42 
NNE 32 
WNW | 50 
SE Ue 
SE 75 
WNW | 42 
WNW | 45 
WNW | 50 
ENE 60 
ENE | 60 
SW 35 
SSE 65 
WSW 50 

SSW 42 

SSW 50 

ENE | 58 

NW 47 

WSW | 40 
WwW 35 

NW 40 

NW 46 
SE 35 
SE {55-60 
E 55 

NNW | 90 

NW_ |50-60 

NW_ {50-60 

N to 

NW_  /|40-45 


. Led co © is 

1 PD _OOS~AINIG 0D] <0 G0 G0 0 G0 «© 00 0 00 G0 G0 G0 GO ~I OO KO Go {O&O 00 GO G0 G0 90 00.40 40.90.90 0.90009: 3 
SUSOSLOUNOGCOWNAOHAOCOGOSCWUMWWONUINNWDNOHONNOOCONMSO 
SOCUSCKF MOON EN WWHOBOOCMWWUOCWHHAWOOCUOUMARNOWO. . 


ON WONWW EOE NW HONCWWWOWNWAIERMONWMWDOSCWOAWDWDADMDIWMDRWOWOP 
AON OaIwneonwHNWNWNNNNNOEKWANDEUNNOOWDROORNLEOUANW. 


oe 


Sa 
ec a eee ora ey es ea ce ein OU Cir es Ctra et UICC U CUO Oe SOO TOU Te oo cmligtens 


: ow 


* See corresponding numbers in Table 1. 


+ Month/day. 


Papers 


It is to be noted that the values in Table 3 do not indicate the maximum 
deflection of the 
building. They are 
only the mean posi- 
tion about which the 
building vibrates; 
for a maximum de- 
flection one-half the 
amplitude of vibra- 
tion should be added. 

In order to make 
a further study of 
this plastic set in the 
narrow direction of 
the building, three 
sets of measure- 
ments were made to 
the plumb-bob 
string from refer- 
ence points, on the 
several floors. As it 
required more than 
two hours for each 
set of readings it was 
necessary to make 
them during calm 
weather in order to 
be assured that the 
building did not shift 
during the time of 
the observations. 
These variations are 
plotted in the curves 
of Fig. 13. 
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In order to ascer- 
tain the deflection 


due to the inequality 

2 y | 7 rl 3 : Wide Bune of the temperature 
Deflection = ltelnc hes of the several sides of 

Fie. 13.—Curck MxasurmEMENTS To PuumMsB-Bos Srring the building, obser- 


vations were made 
throughout the day of August 24, 1936. The sky was clear and sunny, 
and the maximum temperature was 86° F at 3:00 P.M. There was little wind 
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blowing, the anemometer reading from 25 to 30 miles per hr, with a steady 
wind from the west northwest. Table 4 gives the readings of the plumb-bob 
showing a north deflection of 0.25 in. at noon and an east deflection of 0.15 in. 


TABLE 4.—PiumB-Bos OBsERVATIONS ON A Hort, Crear Day, 
Aveust 24, 1936 


DiIsPLACEMENT OF PLuMB-Bos, IN INCHES, FROM THE ORIGIN, 
AS OBSERVED AT THE FoLLOwInG TIMES 

nae (EastEeRN STANDARD, IN Hours anp Minutss 

Description Past Mipnicut) 


9:15 | 10:00 | 11:00 | 12:00 | 12:30 | 13:00 | 14:00 | 14:30 | 15:00 


Wind velocity, in miles per hour*. 7.32) 307 i We 28: alia Nw lO 30 oo 
Position of Plumb-Bob, in Inches, from ( ‘ $ 3 < 
the Origin: 
OUI WAT Cin antares Cas aie othe aioe ox 7.00 | 7.00 | 6.80 | 6.80 | 6.75 | 6.80 | 7.00 | 6.90 | 7.00 
SG WALCO E erersr sty nt copareate Late 8.60 | 8.60 | 8.50 | 8.50) 8.55 | 8.45 | 8.50 | 8.60 | 8.45 


* Anemometer readings. + West, northwest. t Northwest. § North, northwest. 


at 3:00 P.M. As the day was not cloudy, leaving the surface of the building 
exposed to the heat of the sun, it is inferred that the effect of ade See is 
only a minor factor in the results given in this paper. 

The collimator was designed by the United States Coast and Geodetic 
Survey for the purpose of locating the reading points of triangulation survey 
marks above their permanent points. It consists essentially of a transit 
equipped with a right-angle eye-piece and a leveling bubble. The telescope 
has a focal length of about 8in. One division of the leveling bubble represents 
0.56 in. on the target; that is, the bubble has a sensitiveness of about 10’ of 
arc per division. The target can be read to 0.5 in. 

As the principal value of the collimator lay in the study of the vibrations 
of the building it was used during high winds only. Hewitt Crosby, M. Am. 
Soc. C. E., reporting to the American Institute of Steel Construction,’ stated 
that for some unknown reason the sixth floor tilted as much as four divisions 
of the dial, or approximately 40” of arc. In light and steady winds the effect 
was eliminated by leveling the instrument carefully before taking a sight; but in 
. strong or gusty winds, when readings must be made on a moving target, this 
was impossible. In extreme cases, the indicated error from this cause was 
found to be as much as 2 in. In strong winds, the motion of the target was 
irregular in direction, amplitude, and time. 

Nevertheless, the instrument proved invaluable because it enabled one to 
study the movements of the top of the building qualitatively when acted upon 
by a high wind. Table 5 records the readings of the collimator, showing the 
amplitude of vibration of the building. A number of attempts were made to 
measure the deflection of other buildings by means of transits set up at a dis- 
tance, but the writer knows of no case in which satisfactory results have been 
obtained. 


4‘*Wind Stresses in the Structure of the Empire State Building,” by Hewitt Crosby. Manuscript 
report to Am. Inst. of Steel Construction, New York, N. Y., June, 1933, pp. 30-33. 
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TABLE 5.—DEFLEcTION READINGS BY COLLIMATOR 
WIND 
Bs Winp COLLIMATOR = re) CoLLIMATOR 
ee - ae & HARACTER- 
oe CEES READINGS g 3 aes READINGS 
aa Be 
n 08 
ao n » n =: 
Hast- North- 5 East- North 
4 2 3 West South 3 — West South 
FREI Direc- | Direc- ee 5 Direc- | Direc- 
& wane A tion tion x, AV. a tion tion 
3 88) ge Ise 3 eGo] 26 | ps 
A - [poe] 88 Soin o 1 A + [San AS 3 Sains ' ae 1 
g| 2 |288! fe |84\eelealeegies] 2 | & [S85] $8 [84] esles]eslee 
o| 2 [453] SE lay lSslss/Ssl85] 0] S&S (853) 6h [SglSSISSISS/82 
21 Q |hss] OS [EP SISslSslSsitel 4 | A ad] OS |>BlSsleglegizae 
79110/4 | 16:30} SE 26 | 5.0 | 5.1 | 7.4 | 7.5}123] 1/6 16:25 SW 29 | 6.8 | 7.9 | 6.9 | 8.0 
101 in 11:00) SE 75 | 4.0 | 4.0 | 7.0 |10.0| 126 | 1/11 | 10:30] SSW | 51 | 6.0 | 8.0 | 7.2 9.2 
101 ]11/1 |11:15) SE 8.5] 4.0 | 4.0 | 8.0 |12.0|....] 1/13 | 12:00] ENE | 16 6.9 7.9 4.8 6.5 
102]11/1 |12:00} SSE |75 | 4.5 | 5.5 | 6.5} 9.0] 127} 1/13 | 16:00) NE 16 | 6.5 | 7.8 | 5.5 | 6.8 
103 | 11/1 | 16:40} WNW | 43 | 6.8 | 7.0 | 4.0 | 5.5 | 128] 1/20 | 16:00) WNW | 28 | 7.4 | 8.2 | 5.3 | 6.9 
107 | 11/9 | 11:45) ENE | 52 | 4.0 | 5.6 | 3.0 | 6.0}129] 1/25 | 9:40| ENE 58 | 5.0 | 7.2 0 | 4.3 
108 | 11/9 | 14:30] ENE |60 | 3.8 | 5.0 | 0.5 | 5.2] 130] 1/28 | 17:00 +4 47 16.9) 8:8. Seger 
114] 11/18} 16:00); ENE |15 | 4.5 | 5.5 | 3.6} 5.5]....] 2/17 | 16:00) WSW 16 6.6 7.9 | 6.2 | 6.6 
117 | 12/2 | 16:00; SW 35 | 4.8] 5.1 | 7.9 | 8.5}135] 2/17 | 16:40] WSW | 18 | 6.5 | 6.9 | 6.4 | 6.9 
119 | 12/21) 11:40) SSW | 34 | 5.3 | 6.5 | 6.7 | 7.5 wie | je, ato o | iapaleds 1 ado Rorei fo syeee | teed ae 


* See corresponding numbers in Table 1. 
+ Month/day. 


The period of vibration was observed by means of the collimator on No- 
vember 1, 1932 (see Fig. 14). The north-south movement is given in Fig. 15. 


() 


0 30 60 30 60 30 60 30 60 30 60 30 60 
Time, in Thirty-Second Intervals 


Fic. 14.—Co.iimaror OpsErvATIONS ON THE SWING OF THE Empire STATE Buriprine, NoveMBErR 1, 1932 


The swing of one of the dials on the southwest corner column of the twenty- 
fourth floor (Fig. 4) was read on November 18, 1934. The curve thus obtained 
(see Fig. 15(b)) is the combination of two vibrations at right angles to each 
other, the north-south one dominating. The time of each high and low reading 
was taken and plotted. As the weight of the building was practically the same 
during these two observations the change of period from 8.38 sec to 8.14 sec is 
of considerable interest and is probably due to an adjustment of the several 
parts of the structure during severe storms. 
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EXTENSOMETERS 


Four extensometers were attached to each of four columns on the twenty- 
fourth floor, by fastening an 0.001-in., Ames dial 87% in. below the mid-height 
point. One end of a rod touches the stem of the dial, the other end being 


N 


fea} 


(a) 17 CYCLES IN 140 SECONDS 


or 


wo 


es) 


Deflection, in Thousandths of an Inch 


~N 


6 T (0) 17 CYCLES IN 136 SECONDS 


0 30 60 30 60 30 60 30 60 30 60 30 60 
Time, in Thirty-Second Intervals 


Fie, 15.—Derriection OpsEeRvATIons OF 4 CoRNER CoLUMN oF THE EMprre Stare BurLpiIne 
(Twenty-FirrH FLOOR) 


welded to the column 411% in. above the midpoint of the column. In other 
words, the two points of attachment are 50 in. apart. They were all placed as 
near the outer end of the column flange (Carnegie H-beams) as possible. 

With this arrangement the average of the differential readings of the dials 
gives the change of length of the column at its center line over a span of 50 in., 
thus furnishing a measure of the direct stress in the column. Although the 
angular change in the column can be computed it is not given herein because, 
unless the point of counterflexure is known, it is of little value. 

The columns chosen for observation were the southwest corner column of 
the twenty-fifth floor and the three columns nearest to this corner. An offset 
in both directions places these columns in the interior on the twenty-fourth 
floor, thus facilitating the reading of the instruments. 

Column (19) of Table 6 gives the sum of the readings of the several dials on 
the corner column in hundred-thousandths of an inch. Column (14) is the 
direct stress, in pounds per square inch, producing this strain. It is obtained 
by multiplying the strain by 29 000 000 and dividing by 50; or, the reading 
multiplied by 29 000 000 and divided by 50 X 100 000, or 5.8. In other words, 
the strain multiplied by the modulus of elasticity and divided by the length 
gives the stress, in pounds per square inch. 

The stress in this same column due to the wind pressure has been computed 
from the manometer readings on the assumption that the building is a cantilever. 
The overturning moment of the wind about an elevation half-way between the 
twenty-fourth and the twenty-fifth floors has been computed for both a south 
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pressure and a west pressure. It is assumed: (1) That the pressure is uniform 
between the twenty-fourth floor and an elevation half-way between the 
pressure openings of the thirty-sixth and the fifty-fifth floors; (2) that it is also 
uniform between this elevation and half-way between the fifty-fifth and the 
seventy-fifth floors; and (3) that between this latter elevation and the top it is 
uniform. These several pressures are obtained for the south face by taking the 
readings of Tubes 2, 3, and 4, Fig. 4, subtracting the readings of Tubes 7, 8, 
and 9, and dividing the resultant by 3. These summations (before dividing by 
3) for the several floors are given in Table 6, Columns (1), (3), and (5); similarly, 
for the west pressure points. The readings of Tubes 1 and 10 are subtracted 
from those of Tubes 5 and 6, and the result is divided by 2 (see Columns (2), 
(4), and (6), Table 6). 

The moment about the central elevation of the twenty-fourth floor of a 
1-lb pressure, uniformly distributed on the south face, has been computed to be: 
(a) For the thirty-sixth floor, 5411000 ft-lb; (6) for the fifty-fifth floor, 
15 300 000 ft-lb; and (c) for the seventy-fifth floor, 35 400 000 ft-lb. Similarly, 
for the west face these values would be: (a) For the thirty-sixth floor, 3 900 000 
ft-lb; (6) for the fifty-fifth floor, 11 100 000 ft-lb; and (c) for the seventy-fifth 
floor, 26 700 000 ft-lb. To obtain the total overturning moment in either 
direction one would multiply the sum of the manometer readings by 5.2 to 
reduce them to pounds per square foot, divide by two or three, and then 
multiply by the proper value. The effect of the six sets of readings is additive. 

Resisting this is the column steel on the twenty-fourth floor. The beam 
formula, s = Ee , 1s used to obtain the stress in the steel. This assumes that 
the planes of the twenty-fourth and twenty-fifth floors remain planes. 

The value of J about each axis has been obtained by multiplying the area 
of each column, in inches, by the distance to the axis, squared, in feet. The 
reduction to inches is indicated by the factor, 12, which cancels out of the com- 
putations. The moment of inertia, J, about the east-west axis is 31 454 000 
< 12 X 12 in.’, whereas, for the north-south axis, J is 70 970 000 X 12 X 12. 
The corner column is 65.25 ft and 91.25 ft from the two axes. 

To ascertain the stress in the corner column corresponding to the manometer 
readings on the thirty-sixth floor, north and south faces, the data from Column 
(1), Table 6, should be multiplied by 24E000 1S 0329 
or, 19.45. Similarly, for the east and west faces: 


3 900 000 X 12 X 91.25 K 12 XK 5.2 | 
70 970 000 K 12 K 12 K 2 : 


For the fifty-fifth floor the corresponding values are 0.55 and 0.3695, 
whereas, for the seventy-fifth floor they are 1.272 and 0.895. Columns (7) 
to (12) of Table 6 are obtained from Columns (1) to (6) by multiplying by these 
several values. Column (13) is the algebraic sum of Columns (7) to (12) and 
is the computed stress in the column. 

A comparison of Columns (13) and (15) shows the difference between the 
computed and the observed stresses in this corner column. It furnishes a 


or, 18.05 
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rough check on the ‘cantilever method” of computing the stresses in the 
columns of buildings. é 

An assumed horizontal load of 20 lb per sq ft over the south face will give a 
computed stress of 2 330 lb per sq in. in this column, whereas the same pressure 
over the west{face would’give 1 070 lb7per sq in. 


PART II.—AN ESTIMATE OF THE STIFFENING 
EFFECT OF THE MASONRY 


INTRODUCTION 


Two assumptions are usually made in computing the stresses in the frames 
of tall buildings due to lateral forces when any of the so-called exact methods 
are used. One assumption is that the girders are rigidly connected to the 
columns and the other is that the frame is not braced by the walls, partitions, 
floors, and other parts of the building. 

The first assumption has been given considerable study both in America® 
and in England.’ Data have been collected and investigations are in process 
in some of the colleges of the United States to ascertain the percentages of error 
in the final results due to this assumption. It is hoped that, before long, the 
properties of the connections will be incorporated into the solution of the rigid 
frame subjected to lateral loads as a routine part of the solution. 

The second assumption (neglecting the stiffening effect of the masonry) is 
of far greater influence but the writer has been able to find only meager reference 
on the subject. It is of more than academic interest, because the stresses in 
the frame are proportional to the deflection of the structure if the distribution 
of stress is the same when the masonry is present as it is in the steel frame acting 
alone. Therefore, the actual stress in the steel is reduced by the presence of the 
masonry in proportion to its influence on the stiffness. David A. Molitor,’ 
M. Am. Soc. C. E., has given an estimate that the frame would be stiffened 
30% to 50% if the connections were rigid. He has also estimated that the 
building is stiffened 300% to 400% by the materials other than the frame. 

Rigidity is of considerable importance inasmuch as it affects the popularity 
of a building with tenants. If the structure is too limber the fact may be shown 
by cracks in the plaster and the movement may be noted in other ways causing 
lack of confidence in the safety of the structure. On the other hand, if it is 
too stiff the period of vibration will be short enough to be noticeable by the 
tenants, thus producing the same lack of confidence. In either case an unsatis- 
factory result is obtained. David C. Coyle,’ M. Am. Soc. C. E., has published 
information on the period of vibration of a few existing structures and has 
collected considerable data. The problem will doubtless assume major pro- 
portions if office buildings are built higher in the future. 


5 Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 524. 


6 “Investigation on Beam and Column Connections,” by C. Batho and H. C. Rowen, Second Rept. 
Steel Structures Research Committee, Dept. of Scientific and Industrial Research, pp. 61-137. vig 


7 “Structural Engineering Problems,” by David A. Molitor, The Peters Co., Detroit, Mi : 
also, reproduced by the Bureau of Yards and Docks, U. S. Navy Dept., 1937. Se Es ae 


8 ‘Testing the Strength of Skyscrapers,’’ Record and Guide, February 7, 1931; ‘‘Sway of Tall Towers,”’ 

Architectural Record, July, 1931, p. 109; Civil Engineering, May, 1938; ‘Minirsoahs Av Ontees June 20, 1929: 

Stiffness of Skyscrapers, Transactions, First Cong., International Assoc. for Bridge and Structural Engrs., 
Paris, May, 1932; and, Proceedings, Am. Soc. C. E., October, 1928, p. 2393; and August, 1932, p. 1100. 
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The capacity of a building to resist loads is not dependent upon the steel 
frame alone but upon the combination of steel and masonry, acting as a unit. 
As a large percentage of the material in the structure does not obey Hooke’s 
law the stresses incurred at low loads may be of an entirely different character 
from those that would occur if the building were subjected to a dangerous wind 
pressure. It is doubtless true that, due to the greater stiffness and high elastic 
limit of the steel composing the frame, the stiffening effect of the masonry be- 
comes less valuable as the loads increase. It is customary to ignore this source 
of strength, and probably wisely so, when designing a building; but it may 
account for the fact that few, if any, steel buildings have been destroyed by 
wind or earthquake. 

An estimate of this stiffening effect should be of value, and, therefore, a 
study of some of the data taken from the Empire State Building investigation 
has been used to find the stiffening of this one building in the given range of 
working loads. The accuracy of the result is open to some question as it is 
based on only one set of computations and on data from only one building. A 
second set of computations has not been made because of the time and labor 
that is required to make the necessary model. However, this value gives a 
general idea of the ratio between the rigidity of a building without this bracing 
and one with it. For a building of different construction the ratio can be esti- 
mated with greater accuracy as a result of this study. The entire problem is 
one that does not allow for accurate work and great refinement; nor does it 
require it. 

In evaluating the rigidity of the building, as actually constructed, advantage 
is taken of the fact that the period of vibration is a simple function of the 
rigidity. The building vibrates in the same manner as does the tine of a 
tuning fork; it is an elastic cantilever secured at its base and vibrated by the 
gusts of wind (not a steady force). The structure is composed of an elastic 
steel frame and of parts that are more or less plastic. This plasticity has a 
dampening effect on the vibrations but does not alter the period. 

In order to form an estimate of the period of vibration, similar in all respects 
to the one observed but supported by the steel frame alone, a model was con- 
structed and observed. It was constructed so that the principles of similitude 
- could be applied, and the period of vibration computed, for a steel frame of 
the size of the building, and weighted to represent the dead load of the building. 

From the period of vibration of the model and that of the building one can 
compute the relative stiffness of the model and that of the finished building. 
The one has rigid (soldered) connections and no masonry stiffening, whereas 
the other has riveted connections and a great mass of masonry surrounding the 
steel. The model represents the steel skeleton, proportionally weighted. It 

js assumed that the effect of the difference between the model and the building 
’ (masonry and connections) will be the same on the several floors of the structure. 

The period of vibration does not depend upon the severity and the character 
of the horizontal loads but rather upon the several properties of the building 
that can be obtained from the engineers’ plans, such as the weight, weight dis- 
tribution, linear dimensions, and stiffness of steel members. Figs. 16 and 17 
are views of the model used. 
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If two structures of the general nature of the one under consideration are 
built similar to each other, except for the scales of weight, length, modulus of 
elasticity, and moment of inertia of the sections, it can easily be shown that 
their periods when subjected to flexural vibration will vary directly as the 
weight and the cube of the length, and inversely as the modulus of elasticity 
and the moment of inertia of the members. 


Fie. 16.—Mope. or Fic. 17.—Tzstinec EquipMENT FOR Mopen 
STRUCTURE 


The period of vibration, expressed as a time dimension, 7’, or the ratio of 
homologous times, is expressed by the following equation, 


in which W = the weight of the building or the model—or the ratio of homol- 
ogous weights; L = the linear dimensions—or the ratio of homologous di- 
mensions; # = modulus of elasticity—or the ratio of homologous elastic 
moduli; and J = the moment of inertia—or the ratio of homologous moments 
of inertia. Substituting known values in Equation (1), 


T= 50 530 000 x 144° _ 439 
2.07 X 43 000 x 105 
The observed period of the model is forty-four vibrations in 6 sec; whence 
130 : ; : 

eae Zz 2 , or 17.8 sec, is the computed period of an unstiffened weighted frame. 
The building has an observed vibration period of about 8.25 sec (see Fig. 15). 
The ratio of these periods is then 8.25 to 17.8 or 1 to 2.16, which makes the 
stiffness ratio 2.16? to 1, or about 4.65 to 1. It can be concluded, therefore, 
that the structure is very close to four and one-half times as stiff as it would be 
if the steel frame alone held it in position. 
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Fig. 18(a) is the deformation curve of the model due to a pull at the eighty- 
sixth floor of sufficient magnitude to produce a unit deflection at that floor. 
The weight used was 5 lb, producing a deflection of 0.244 in. or 0.0488 in. per lb. 
Assuming similitude between the model and the building the force of the wind 
against the side of the structure can be estimated by the use of this curve and 
the deflection of the building. In computing the wind pressure its distribution 


a 1.00 ai 5 160 Lb per Ft | i 60000 Lb I 
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must be assumed because a wind at an upper floor has more overturning effect 
than one lower down. oh 
The deflection due to a load at the end of a cantilever is given by the 


formula, 


in which K is an abstract constant depending upon the manner in which EI 
varies along the length of the cantilever (the same in the model as in the pro- 
totype); that is, using ratios of similitude: 


in which A = the deflection; and P = a concentrated load. By Equation (1), 
Ls [2 


Gl Wi whence, i 
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In Fig. 18, if the ordinates of Fig. 18(a) are multiplied by the width of the 
building, the curve in Fig. 18(b) is obtained. In Fig. 18(c) is the integral of the 
curve of Fig. 18(b) obtained by plotting as ordinates the area below each point 
in Fig. 18(b). The total area of Fig. 18(6) is 64600. Assuming a uniform 
pressure throughout the building of z lb per sq it, and observing the deflection, 
the pressure is found to be as follows: From the plumb-bob readings in Table 3 
the maximum south reading is found to be 9.76 in. and the minimum is 3.82 in. 
Assuming the difference is twice the deflection: A = 2.97 in. The ratio of this 


deflection to that produced by a 1-lb load on the model is mae , or 60.86; the 


8.25 
0.1385’ 
computed as 50 530 000. Whence the horizontal pull at the eighty-sixth floor 
necessary to produce a deflection of 2.97 in. is P = 60.86 X 50 530 000 X 59.6? 
= 865700 lb. From the curves of Fig. 18 the same deflection would be pro- 
uo = 13.4 lb per sq ft, 
which includes the negative, as well as the positive, pressure. 

It is to be noted that the foregoing data are based on the greatest recorded 
deflections. That storms producing greater deflections have occurred is 
doubtless true, so this value must be accepted with caution. 

Conclusion 9, in Part III, is based partly on the values given herein and 
those of Column (14), Table 6. It is hoped discussion will bring out valuable 
information on this point. 


ratio of the times of vibration, T, is or 59.6. The weight ratio has been 


duced by a uniform load over the south face of: 


DESCRIPTION OF THE MODEL 


The steel frame of the Empire State Building lends itself readily to model 
analysis. It is unusually symmetrical and, with very few exceptions, the girders 
and columns can be reproduced as a rectangular grill with the columns extend- 
ing from the foundation to the roof. The model was designed to have elastic 
properties similar to the frame when deflections in the narrow direction of the 
building (that is, parallel to Fifth Avenue) are being studied. It consisted of 
three grills fastened together in such a way that they were forced to vibrate as a 
unit. An examination of the plans shows that the frame at the foundation is 
composed of twenty-two rows of columns. The first eight rows consist of ten 
columns, the next six of nine columns and the last eight of ten columns. The 
twenty-two grills thus formed are forced to act as a unit by the concrete floors 
and other connections between them, and to vibrate with the same period. 
It was considered proper, therefore, to combine these grills into three, as indi- 
cated in Figs. 3, 16, and 17. In each grill the columns and girders were de- 
signed so they had a moment of inertia proportional to the sum of all eight (or 
six) corresponding columns or girders. At each floor the girders are secured 
to the columns by shallow wind-brace connections which, in this paper, have 
been considered as rigid. In addition, at certain joints, knee-braces extend 
from the intersection of a column and a girder to about the third-point on the 
girder in the floor above. These braces are represented in the model in their 


\ 
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proper geometric relation by stiff brass wire (2l-gage) which is a minimum 
allowable size for compression as a column. 

In one or two cases, as at the Fifth Avenue entrance, there is a variation 
within the group of eight grills, which condition prevails only on the six lower 
floors. Another place where the building required more than three grills was 
between the seventy-second and the eighty-first floors, because the knee- 
braces did not lend themselves to a single pattern. In this case the model’s 
grill is separated into two parts over this section of the structure; and so at 
these places the model contained five grills. 

The distances from center to center of columns, and those between floors 
on the model, were laid out to a scale of 1 in. equals 12 ft, or a scale of 1 to 144. 
The grills were constructed of cold drawn brass 1/16 in. thick, which thickness 
was maintained for both girders and columns except in the case of some of the 
heavy columns in the lower part of the building where 14-in. material was used. 
The moments of inertia computed were divided by an arbitrary constant which 
was of such a value that the members of the model would be of a convenient 
size. These depths were calculated and the brass milled to the nearest thou- 
sandth of an inch. Each column was of one continuous piece, varying in depth 
to correspond with the computed value of its moment of inertia, whereas at 
each floor the girders were represented by a continuous member whose depth 
was changed at the points where it intersected the columns. 

Each of the grills was formed by laying the girders on the columns and 
soldering them with soft solder. It was considered unwise to use hard solder 
for fear of drawing the temper in the brass. 

The three grills were fastened together at approximately every eighth floor 
by means of horizontal trusses having no vertical stability but considerable 
lateral rigidity. Between the third, and also the eighth, sets of columns vertical 
trusses were placed between the two grills so that the model would have rigidity 
perpendicular to the direction of vibration. These trusses each consisted of a 
piece of cold drawn brass wire (21-gage) bent to form the webbing of a War- 
ren truss whose chords were the columns. These trusses had no stiffening 
effect in the direction of vibration but acted as spacers between the grills, 
holding them about an inch apart. The posts were set in sockets in a steel 
frame, 4% by 13/16 by 24 in., and doweled securely so that the rigidity of the 
base was as stable as the rock on which the building itself rests. 

Representative specimens of the brass strips were tested, after milling to a 
depth of approximately that of an average beam, in order to find the value of E, 
the modulus of elasticity. This was done again after the strip was treated to 
considerable heat, which was applied in the same manner as was done in making 
the soldered joints. No change in modulus was noted. 

Some trouble was experienced with the soldered joints flowing when sub- 
jected to a long continued stress. In order to determine whether these joints 
were strong enough to carry the stresses during the period of vibration (about 
1/7 sec), the model shown in Fig. 19 was constructed. The joint at Point A 
was first made perfectly rigid by clamping the two pieces of brass together with 
a C-clamp which exerted enough pressure to prevent slippage. The lever was 
then vibrated and the period noted by the mark of a pen on a drum revolving 
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42.5 times per min. The clamp was removed and the joint soldered in the 
same manner as the joints in the model. The lever was again vibrated, and 
if the joint had not held satisfactorily, part of the motion would have gone 
through this joint into the section beyond and thus would have slowed down 


| 
ay 


the period. The period of vibration used was approximately the same as that 
of the model, the weight being adjusted to produce it. Five readings over a 
fixed period of time showed, for the soldered joint: 27.5, 27.6, 27.6, 27.7, and 
27.8 half vibrations, or a mean of 27.64. For the clamped joint, on the other 
hand, the readings were: 27.5, 27.8, 27.6, 27.8, and 27.6, with a mean of 27.66. 
The difference between the two means is low enough to warrant the conclusion 
that the soldered connection is satisfactory when the stress is low and of short 
duration. 

In making the model it was impracticable to control both the area and the 
moment of inertia of the several members as the constant width of 1/16 in. had 
to be maintained, that being the thickness of the brass ribbon used. The areas, 
therefore, are not proportional to those of the building. In the case of the 
girders the direct stress is low and so the lack of proportionality is not objection- 
able. With the columns, however, the direct stress and the areas do enter into 
the deflections of both building and model and thus introduce a small error into 
the results. The fact that the areas of the braces in the model are too large 
for similitude has little influence on the results. 

The weight of each floor was obtained from the column schedule of the steel 
plans. The total weight of the building above each floor was obtained by 
adding the stresses in all columns on that floor. The increment for each floor 
was obtained from these data. The partition loads and live loads were sub- 
tracted where the floors were not occupied. In the case of the occupied floors 
an estimate was made of the added weight and the model vibrated under 
conditions both allowing for this added weight and omitting it. The difference 
was not noticeable. 

These computed floor loads were divided by an arbitrary constant and the 


weights of the floors in the model were increased to the computed value by the 
addition of pieces of steel, 


a 
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In computing the weight of the model the weight of the brass girders and 
columns was first computed and distributed at each floor. The weights of the 
knee-braces and the several stiffening trusses were obtained by observing the 
length of the wire used in making them. The model was then weighed and the 
difference between the computed and actual weight was taken as the weight of 
the solder. This was distributed among the several floors in proportion to the 
number of joints on that floor. To each floor was then added enough weight 
in the form of steel rods to bring its weight up to the proper ratio. In a few 
cases this added weight was computed to be negative, in which case one-half 
the value was subtracted from the weight to be added to the floor below and the 
other half from that to be added to the floor above. The weights were secured 
in position by means of rubber bands whose weight was also considered. 

The model, as thus designed and constructed, was similar to the building 
in the following particulars: 


(a) Its geometrical proportions (both vertically and in a direction parallel 
to its narrow face) were to a scale of 1 to 144; 

(b) Its weight distribution was the same as that of the building, and its © 
weight, or mass ratio, was 1 to 50 530 000; 

(c) The ratio of modulus of elasticity of the materials used in the model to 
that of the steel frame of the building was 14 to 29; and, 

(d) The ratio of the moments of inertia (and, therefore, the ratios of the 
stiffness =f the various members of the model, to the corresponding members of 
the building) was 1 to 43000 x 10°. This ratio was chosen because it pro- 
duced sizes of members in the model with which it was practical to work. 


The model was not similar to the building in the following particulars: 
(1) In the dimensions perpendicular to the narrow face of the building; (2) 
in the method of fastening girders to columns; (3).in the fact that it is not braced 
by masonry surrounding the frame—floors, walls, partitions, and other building 
materials; and, (4) in the cross-sectional areas of the several members. ' 

Fig. 17 shows the method of obtaining the vibration characteristics of the 
model. A 5-lb weight was used to produce the horizontal pull. The connec- 
tion was broken suddenly by means of a trigger trip. 

The horizontal.movement was recorded by means of a thread attached to the 
model at one end and held taut by a rubber band at the other. A lever, holding 
a pen, was attached to the thread in such a manner that the pen traced the 
movements of the model on a revolving disk. A clock indicated the seconds 
on the disk. The lever exaggerated the movement of the model in the ratio of 
478 to 240. Fig. 20 gives the curve produced with: (a) The load and recorder 
attached to the eighty-sixth floor; (6) the load on the eighty-sixth floor and the 
recorder on the sixty-fifth floor; and (c) the load on the sixty-fifth floor and 
the recorder on the eighty-sixth floor. The recorder was placed on the eighth, 
seventeenth, twenty-ninth, forty-fourth, fifty-fourth, sixty-fifth, seventy-fourth, 
and eighty-sixth floors. For each position the load was applied and suddenly 
released at all the floors named. Thus, a series of sixty-four curves similar 
to those of Fig. 20 were produced. The period of vibration was the same in 


all the curves. 
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The curve of Fig. 18(a) was plotted from measurements taken from this 
series of curves. The position before and after releasing the 5-lb weight was 
used as the deflection due to the pull. 


THEORY 


The derivation of the following formulas is given so that one may note the 
approximations involved in Equation (20) and thus estimate the errors if the 
result of neglecting them is open to question. 

Let A B in Fig. 21 represent a 
cantilever secured at Point A and 
vibrating about its neutral posi- 
tion, in a plane parallel to the 

GraSecendl Intervals paper, with a simple harmonic 

Pe i FN motion. This cantilever may be 
(2) LOAD AND RECORDER AT 86TH FLOOR made up of a complicated set- of 
springs, as girders and columns; or 

it may bea simplespring. A mass, 

m dz, is fixed at Point P, the sym- 

bol, m, being the mass per linear 

Oe eR ee es unit; it may be a function of a. 
(6) LOAD ON THE 86TH FLOOR; RECORDER When the particle, m dz, is in a po- 
a ase ada cing sition of maximum deflection the 

velocity is zero, and all energy is 


potential. This energy is stored 
SanennanneenenanaeiI\G up in the stressed fibers of the can- 
tilever. If the cantilever is a 


yg One: Seeond intervals building frame this energy is the 
=f BaeNS Sy. . . 
(9 LOAD ON THE 65TH FLOOR, RECORDER internal energy of the strained col- 
AT THE 86TH FLOOR ; 
Fic. 20.—Visration Curves or Mopen nets ft and girde rs. When the Dats 
ticle, m dx, is in the neutral posi- 
tion all the energy is transferred to kinetic energy. If the period of vibration 
is T and the amplitude of vibration is y the velocity, v, at the central position 
is given by the equation, 


ee : : > if J 
The kinetic energy, W;, of a moving mass is a 


fy 
W,= (* x) Se =F SI YF AG uno a one ee (6) 


in which both m and y are functions of z. In some cases it may be possible to 
express m as a mathematical function of x, but in any specific example the 
distribution of the mass over the length of the structure can be found. At the 
point of maximum deflection the acceleration of the mass, m dz, is equal to, 


, and the energy in the 


‘mass is, 


{ 


September, 1938 WIND FORCES ON A TALL BUILDING 1371 


é 


Fie. 21 Fig. 22 


and, since f = ma, the force exerted by, or on, Mass m, due to its acceler- 
ation, is, 
4a 


Gy = = PEG Ete toe of tate OREN Fhe EO oer (8) 
This is the force that produces the stress throughout the cantilever and de- 
termines the value of y and, consequently, the shape of the curve of maximum 
amplitude. In addition to this energy of horizontal motion the point, P, will 
fall or rise a slight distance, 6, producing a change in potential energy of 
bg m dx, which gives: 

y 20 (* : 

We = Rr F mide +o Dem C tans ce eae a (9) 
as the total energy which changes from kinetic to potential as the particle moves 
from the central position to the position of maximum amplitude. In Equation 
(9), g = the acceleration due to gravity. 

The second term in the problem considered in this paper is of minor sig- 
nificance and value, although in some cases, as a pendulum, it might be a 
dominating factor. Let Fig. 22 be that part of the frame forming the cantilever 
of Fig. 21, above which is a plane half-way between the nth and the n+ 1 
floor, or a distance, x, from the base. At maximum amplitude the structure is 
acted upon by the forces, 7, shown in the diagram, in which, 


2 rh 
F= aA if FeO ithe lee naar Seater > tek ee (10a) 
and the moment above Point C is, 
4? (-” 
F(—a) = 7 i pe di Fae. Ae (100) 


Each column resists a fraction of the shear force, F, and a thrust, S, as well as a 
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moment, M, which is not shown. The values of the forces (such as S) are 
assumed to be proportional to the moment about Point C as given by Equation 
(10b). The values of the column shears have a definite but unknown distribu- 
tion among the columns and as their sum total is equal to F they are proportional 


to this value and may be represented by the fractional force, Be in which p 


and q are abstract, dimensionless numbers. The values of S are probably ap- 
proximately proportional to their distance from Point C. Let e be the distance 


from Point C to any given column and 7 (a ratio of dimensionless abstract num- 


bers) be the fraction that corrects for any lack of uniformity in the stress dis- 
tribution. The value of Moment M is equal to the shear times the distance 
to the point of counterflexure or r, whence, 


4a? (™ 
DSie = = | me yds — Rays 2 Rea ee (11a) 
and, F: 
tel 47 (” 
s= 15/4 meyde—Pa | 2 hee, Lae (11b) 


The energy in a column under an axial load, however, is equal to one-half the 


stress times the strain, or, 
S Sl SL 


16r41/c\? L * 3 
we= Prag) wel mevd— af myde]....a20 
way 


The shear on the post is, 


or, 


_4x*p i 
Hare, TU AG a Manel ta. Sp ic Sa (13a) 
and the moment in the column at any point is, 
4m? p i pee 
Me= "meer [ my dx = "rs INTE Hoy eden ee (130) 
1 Cs! 


if 4 zy = Jj, a substitution constant. The moment at the end of a girder is 


proportional to the moment in the column adjacent to that end, plus the differ- 
ence in the thrusts, S, on this column above and below the joint, times the 
distance from the joint to the point of counterflexure in the girder: 


My M.<+ Cee Pay Re ee ile (14a) 


but, since S, — Sny1 is proportional to F: 
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in which K = “ a Py s —- ” is an abstract number; but the energy in the beam or 


” M2 dx 
|, DEL = py f Medes in whien 
Lis the length of the member. Substituting the values: 


column due to bees is equal to, W = 


and, 


the energy in the column is expressed by: 


2 h ; 
races aad, muy de || f r de | =. ald aan uate (16a) 


and, the energy in the beam, by: 


ke p 1 
We= srr f mua || fae | bedert: Hat Briss (16b) 


the second integral in each case being taken from the point of counterflexure to 
either end of the beam or column. Collecting these terms and equating the 
energy of motion given by Equation (9) against that of the stored energy of the 


deflected structure: 
2 eh h 
| myde+o f bm dx 
0 0 
16 34 ee & if ib | 
= aT s\5) =S may dx — x m y dx 
IT Lue LAST, Ps AE 
1 7? h 2 1 
+o Alf my ar | | fae | 
aT aT i ; 
outa af mya | Lf rae | eR eee ta (17) 
2278 EI Z é : 


Using capital letters for the dimensionless terms, which are, therefore, inde- 
pendent of the character of the model and its relationship to its prototype, 
Equation (17) becomes (after multiplying by 7): 


h h h 
PA[ mydr+ Bg [ mbac= CD ste| [ man y de 
0 0 nat 


h 2) 3 h 2 
aa [ mya +o Oe my ae | 
Eat Ty 
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in which A, B, C, D, and F are abstract numbers in the terms representing the 
energy: (a) Of motion of the mass of the structure; (b) of position of the mass of 
the structure; (c) in the columns due to direct thrust; (d) in the columns due to 


bending; and (f) in the beams due to bending. Neglecting the second term as 
small, and the third term as being probably small: 


3 h 2 73 | 72 
>Yalf my a | +FDOF| f m y dx 


: =“ = ee 
af m y? dx 
0 


Writing the dimensions of these terms for similitude: 


wh 


T? 


alae 

LS Dh |e ede M L 

TT? = ae es PE ne (20) 
L 


that is, the square of the period of vibration of the frame varies directly as the 
mass and the cube of the linear dimension and inversely as the modulus of the 
material and of the moments of inertia of the members. As the mass ratio is 
the same as the weight ratio the formula is the same as Equation (1). 


PART III.—CONCLUSIONS 


The following conclusions have been suggested by the data recorded in this 
paper: 

(1) The distribution of the wind pressure on a tall building is very com- 
plicated and irregular, the air currents having been broken up by the surround- 
ing structures and by the building itself. 

(2) The action of a building under horizontal loads is plastic as well as 
elastic, with the result that strains and deflections are not proportional to the 
forces that produce them. 

(3) The manometer readings do not give a true picture of the forces acting 
on the building, but do give the pressure at definite isolated points. This is 
because the wind comes in gusts that affect only a small surface. Frictional 
resistance has some influence. f 

(4) The deflection of the building due to the sun shining on one side of it 
(and expanding that side) is practically negligible. 

(5) The horizontal deflection of this building during a wind storm is notable 
because of its popular interest and the small amount of data on this subject. 

(6) Theoretically, there is danger of designing a building too stiff as well as 
not sufficiently rigid. } 

(7) The cantilever and portal methods of design have neither been cor- 
roborated or refuted by these data. 

(8) The masonry increases the rigidity of the building about 350% more 
than that of the unsupported frame. 
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(9) The data herein given have not shown that 20 lb per sq ft is an improper 
value for the assumed lateral load on a building of the type of the one investi- 
gated when in a similar environment. This leaves the masonry as an added, 
but not perfectly reliable, factor of safety. 
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TRANSPORTATION OF SAND AND GRAVEL IN 
AE POUR-INCH PIPE 


By G. W. HOWARD,? JUN. AM. Soc. C. E. 


SYNOPSIS 

Tests on 4-in. pipe, transporting water mixed with sand and small gravel, 
are described in this paper. Although a description of the flow characteristics 
of sand and water mixtures and gravel and water mixtures in a 4-in. pipe con- 
stitutes the main part of the paper, an attempt is made to generalize the findings 
in regard to other sizes of pipe in so far as it is believed to be applicable. A 
discussion is given of existing general formulas for the transportation of 
materials in pipe lines, and it is attempted to prove that the type of material 
to be transported and the experience of the designer should have more bearing 
on the solution of a problem than any solid-transportation formula now extant. 

No new formulas are presented. An insufficient number of investigations 
have been made to justify the use even of the formulas now in existence. 
The attempt is made, however, to consolidate all known facts concerning the 
transportation of sand and water mixtures in order to show that, at present, 
only general characteristics can be determined for this phenomenon. 


INTRODUCTION 


One of the earliest discussions on the transportation of sand mixtures in 
pipes is given in a paper entitled “Works for the Purification of the Water 
Supply of Washington, D. C.,’ by the late Allen Hazen and E. D. Hardy, 
Members, Am. Soc. C. E. Only a brief treatment is presented in the paper, 
however, because the topic of sand transportation in filter washing is incidental 
to the primary subject. The pipes for which friction curves are given had 
diameters of 3and4in. Types of transportation and other flow characteristics 
are not considered, as friction losses were the only features that were of interest. 
A discussion of the paper of Messrs. Hazen and Hardy by Nora Stanton Blatch, 


Norz.—Written comments are invited for immediate publication; to ensure publication, the last 
discussion should be submitted November 15, 1938.> 

1 Jun. Engr., U. S. Waterways Experiment Station, Vicksburg, Miss. 

2 Transactions, Am. Soc. C. E., Vol. LVII (1906), p. 307. 
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Jun. Am. Soc. C. E., provides more definite data than any other available 
reference on the subject.3 Using the results from tests on 1-in. pipe as a basis 
for her discussion, Miss Blatch compared the data of Hazen and Hardy with 
additional data from the Mississippi River Commission on the dredges Alpha, 
Beta, and Gamma. Due to the fact that the test line was equipped with a 
transparent section, Miss Blatch covered, in detail, the types of movement 
that occur at different velocities. An analysis of all data led to a general 
formula for head loss in pipes ranging in diameter from 1 in. to 32 in., and for 
all variations of solid concentration. Her findings are generally used as 
references in textbooks on hydraulics.‘ 

The data available from pipe-line dredges are so few that it might be 
considered surprising until the difficulties in making accurate field measure- 
ments are considered. Unstable pumping conditions with subsequent varia- 
tions in pipe-line velocities and solid concentrations make data of this nature 
extremely difficult to correlate. Due to the fact that the load in the pipe line 
of a dredge varies so frequently, it is almost impossible to obtain consistent ~ 
pressure-gage readings; therefore, an average value of velocity and solid con- 
centration is all that can be hoped for in tests on large pipe lines. Discussions 
of tests on pipe-line dredges have been presented more frequently in recent 
years,® but no sets of curves, such as were presented by Miss Blatch, have been 
included in any of these papers. 

Although friction losses for pipe lines of hydraulic dredges have been 
determined,® few instances have occurred in which these lines were loaded with 
solids. Since actual design work for this plant must consider the material 
that is being moved, the losses found for water alone have definite limitations. 

The purpose of this paper is to present the findings from tests on 4-in. pipe 
carrying varying concentrations of sand and gravel. These findings are believed 
to be of general interest to those engaged in work dealing with the trans- 
portation of solids through closed conduits, and the results presented herein are 
given with the view of advancing the limited knowledge in this field. 


PROGRAM OF EXPERIMENTS 


Two separate series of tests were performed, each on a different material. 
The investigation of the sand and water mixtures was more complete than that 
of the gravel mixtures. This was due to the fact that the specific purpose of 
the gravel experiments, to which the data presented herein are only incidental, 
had been limited in scope, because of findings from the sand tests. During 
each series the following conditions were varied within certain limits: (a) Pipe- 
line velocities; and (b) solid concentrations. 


3 Transactions, Am. Soc. C. E., Vol. LVII (1906), p. 403. 


_. 4“‘Hydraulies,” by Ernest W. Schoder and Francis M. Dawson, Members, Am. Soc. C. E., McG - 
an fan von art p- 259; also ‘‘Hydraulics and Its Applications,” by A. H. Gibson, D. Van Nostra 
ub. Co., ep. i 


6 Transactions, Am. Soc. C. E., Vol. 96 (1932), p. 625; ‘‘Hydraulic Dredging and Methods of Placing 
the Fill,” Engineering News-Record, August, 1935; and ‘‘Hydraulic Fill at Quabbin Dike,” Engineering 
News-Record, June 18, 1936. 


5 ‘Friction in Dredge Pipes,’ by James H. Polhemus, M. Am. Soc. C. E., and John R. DuPriest, 
Transactions, A. S. M. E., Vol. 49-50, 1927-28, HYD-50-7; also, “Velocity Tests in Hydraulic ‘Dredge 
Pipes,” Engineering News-Record, January 6, 1921. 
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DESCRIPTION OF THE APPARATUS 


General.—The apparatus used to maintain a constant solid concentration 
consisted of a sump, a pump, and a variable head tank that discharged through 
the 4-in. test line back into the sump. This caused a uniform circulation of 
any mixture and provided a means for obtaining constant pressure and an 
even distribution of solids over the cross-sectional area of the pipe. The 
arrangement of this apparatus is shown diagrammatically in Figs tf, 
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Fie. 1.—Apparatus Usep ON TrEsts FoR SAND AND GRAVEL 


Test Line.—Starting from the variable head tank the 4-in. line extended 

8 ft horizontally and then curved downward and reversed its direction through 
two 90° ells. The upper 8-ft section was equipped with a positive-action cock 
to give control over the lower velocities. After reversing direction, the 4-in- 
line extended a distance of 864 diameters and discharged into the sump. The 
lower 433 diameters of the line were used as the test section. Two 2-ft sections 
of transparent pyralin pipe were installed in the test line and three open-end 
manometers were connected to the test section. Due to the fact that consider- 
‘able material was usually carried on the bottom of the pipe, it was not con- 
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sidered practical to use a manometer ring or four manometer taps. Two 
openings, at 45° with the horizontal plane, were used at each connection. The 
up-stream connection was 434 diameters from the end of the line, and the 
lengths of the other connections were varied for different tests; the readings 
of these two gages were used as a check on the up-stream manometer. 

Solid Concentration Determination.—The device used to determine the 
percentage of solids of the mixture consisted of a volumetric basin supported 
on scales. A diversion trough, which was moved under the end of the pipe 
when samples of the mixture were taken, was attached to the volumetric basin. 

Concentrations of material over the cross-sectional area of. the pipe were 
determined by inserting a tube, 7% in. in diameter and bent to an angle of 
90°, into the end of the pipe. To insure comparable locations for all 
samples, the pipe was held in place by a plate that could be raised or lowered 
between two hinges in order to give vertical control. Horizontal control was 
secured by a wing nut which held the tube firmly in place. Three ranges 
across the pipe were used for observations: One at the center of the pipe, and 
the other two at one-half the distance to the edge of the pipe on either side of 
the center range. This apparatus is shown in Fig. 2. 


Fic. 2.—Apparatus FoR DETERMINING THE CONCENTRATION oF SoLtip MATTER 


PROCEDURE OF EXPERIMENTATION 


The material tested is known at the United States Waterways Experiment 
Station as Pearl River sand, an analysis of which is shown on Fig. 3. The 
gravel in Fig. 3, known locally as “pea gravel,” had the general specification 
that no particle should be larger than 2 in. 

Sand Tests—The velocity was first set at about 5 ft per sec and a solid 
concentration introduced into the circulating system that caused about 10 lb 
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per sec to be discharged at this velocity. (The percentage of solids used for 
these investigations was apparent; that is, included water in the voids. This 
resulted in a specific gravity for wet sand of 2.08 and wet gravel of 1.94, instead 


90 
B 20 seg ee a NST ED ee 
w 
a0 = 
2 Pea Gravel + Pearl River Sand 
= 60 
S 
o 
50 
cS 
3 
a 40 in = 
a 
o 
= ht) ~ 
2 
— 
E 20 S 
ro) 
10 
0 
100 50 0.50 0.25 0.10 0.05 0,02 0.01 
eet aie a Millimeter 


Fie. 3.—Mercuanican ANALYSIS OF PHARL River ‘aes AND Pra GRAVEL, Trsrep rn a Four-Incu Pier 


_ of the 2.65 customarily used.) When the condition had been obtained and 
checked, a complete set of manometer readings was taken and the velocity 
increased to about 6 ft per sec. Another set of manometer readings was taken 
at this increased velocity. In this manner the data for the complete velocity 
range obtainable with the apparatus were obtained for a sand discharge of 
10 lb per sec. The equilibrium set up in the system was such that, when the 
velocity was increased, although the percentage of solids decreased, the same 
weight of sand was discharged. Clear water was used in the manometers and 
this pressure was later converted to feet of mixture of the solid concentration. 

After obtaining the data for the 10-lb per sec discharge, the velocity was 
reduced and material added until the discharge was 15 lb per sec. The fore- 
going testing procedure was followed, for the new sand discharge, throughout 
the entire range of the carrying capacity of the pipe, with the sand discharge 


increased in 5-lb increments. 
The distribution of solids over the cross-sectional area of the pipe was 


determined by inserting the bent tube sampler and taking observations at 
different places in the section. Besides obtaining data for the percentage of 
solids passing a certain point, information was also obtained relative to the 
velocity in the pipe at that location. 

Gravel Tests—The primary difference between these tests and the sand 
tests lay in the fact that the testing range was considerably decreased. Veloc- 
ities of from about 5.5 to 8.5 ft per sec constituted the entire range covered in 
the investigation. Since an equilibrium similar to that obtained during the 
sand tests occurred during this investigation, it was possible to observe the 
entire velocity range for any given weight of material discharged without 
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changing the quantity of gravel in the circulating system. Gravel discharges 
of from 10 to 30 lb per sec were used and the same test routine was followed as 
that used for the investigation of sand. Considerably more difficulty was 
experienced in obtaining check readings for these tests on gravel than for those 
with sand. The distribution of solids over the cross-sectional area could not 
be obtained on account of the fact that the size of the gravel was such that it 
would plug the sampling device. Although the particles would enter the tube, 
the curved outlet caused blocking. 


MerHop or TRANSPORTING THE MATERIAL 


Sand.—Three distinct types of transportation were found for sand and 
water mixtures in pipes. The first of these was at low velocities, where prac- 
tically all material was on the bottom of the pipe. A layer of sand was built 
up and the material rolled over this bed in much the same manner as in an 
open flume. The second type of movement was one in which the sand layer 
that was built up at low velocities would move forward slightly and then halt, 
while other material would still move freely over this bed. This spasmodic 
movement can be termed most correctly, ‘“‘jerking,’”’ because the material 
along the bottom moved freely one instant and was quiet the next. The third 
type was one in which the material was moving over the entire cross-sectional 
area, although the greater percentage was concentrated in the lower part of 
the pipe. These three types of movement cause head-loss determinations for 
sand and water mixtures naturally to be quite complex, because of the inde- 
terminate line of differentiation. For a 4-in. pipe transporting the sand that 
was used in the studies at the U.S. Waterways Experiment Station, the type 
of movement in which the material is on the bottom of the pipe will generally 
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occur for velocities of less than 6.0 ft per sec; the type for material that jerks 
along the bottom, for velocities of from 6.0 to 7.5 ft per sec; and the type for 
material that is moving at velocities greater than 7.5 ft per sec. Although the 
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foregoing values will vary somewhat with solid concentrations, it is possible 
to use them for general purposes. 

The manner in which the material is concentrated over the cross-sectional 
area is shown in Fig. 4, together with the variation of vertical velocities. 
These velocity observations are considered as weights rather than true values 
because it was not possible to obtain a satisfactory calibration of the sampling 
device, due to the variation of the solid concentrations, coefficient of friction, 
and mean grain size of material transported at various locations in the pipe. 
General data relating to these observations are: 


Solid matter discharged, in pounds per second....... . 14.6 
Perea te Kel SOMOS tet oo, nul Bore oo Se Sy os fase 14.4 
Velocity of flow in pipe, in feet per second.......... 8.88 


Although it can be seen that the greater concentration of material is on the 
bottom of the pipe, this does not mean that the greater quantity of material 
is carried in this area. Fig. 5 presents a curve showing the distribution of 
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Fig. 5.—Curves or SoLtip CONCENTRATION AND QUANTITY OF MAtTpRIAL DISCHARGED 


solids in a vertical section and a curve showing the volume of material dis- 
charged from this vertical section. The volume curve was obtained by measur- 
ing the areas between contours shown on Fig. 4 (by planimeter) and multi- 
plying these areas by a value obtained from the velocity curve. 
Gravel—Types of movement similar to those observed for sand were found 
for gravel, with the exception that the first type (that in which the material 
rolled over a motionless layer) covered such a small range that it should scarcely 
be considered in a class by itself. The stage at which the material “jerked” 
along the bottom extended over a much greater velocity range than had been 
observed for sand, but, due to the very gradual change from this range to the 
one in which all particles were in motion, it was not possible to determine a 
definite upper transition velocity. The lower transition velocity was deter- 
mined to be about 5.0 ft per sec. At velocities less than this value, for the 
solid concentrations that were investigated, the pipe became blocked frequently. 


q 
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This was caused by the lower gravel particles becoming motionless on the 
bottom and the other particles piling rapidly on top of each other instead of 
rolling along over a motionless layer as did the sand particles. 


Heap Loss VARIATIONS 


Curves showing changes in head loss for sand and gravel mixtures in the 
4-in. pipe are presented in Fig. 6. These curves show tendencies that are to 
be expected from the aforementioned types of movement. At velocities where 
material is settled or greatly concentrated on the bottom, there is a greater 
head loss per foot of pipe than for slightly higher velocities, because of the 
pressures created by the constriction of the cross-sectional area. The minimum 
head loss was obtained during the velocity range in which the jerking movement 
occurs, since the constriction was being removed. Curves of the losses for 
sand (Fig. 6(a)) show this condition more clearly than do those for gravel 
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Fic. 6.—Hrap Loss Curves ror Various SAND AND GRAVEL M1xTuREs 


(Fig. 6(6)), because of the small velocity range investigated for gravel and the 
fact that gravel was found to travel along the bottom in a high concentration 
at all velocities. The curves for sand show points of minimum loss and the 
gradual increase in head loss at high velocities. The gravel curves, however, 
show only the great losses found at low velocities and the gradual decrease in 
head loss for a corresponding increase in velocity. 


When applied to water, exponential pipe formulas are more accurate than 
the Darcy formula, 


which fact more than offsets the extra computation required. Changes in 


head loss for pipes carrying sand or gravel ,however, can best be shown by the 
formula, 


and the results from an investigation of f-values will be presented before con- 
sideration is given to any exponential formulas. (In Equations (1) and (2): 
hz = loss of head due to friction; f = a friction factor; L = length of pipe, 


. 
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in feet; V = average velocity, in feet per second; g = acceleration due to 
gravity; and D = mean inside diameter of pipe, in feet.) 

The Common Formula for Head Loss.—Values of f for various concentrations 
of material are presented in Table 1. (It should be noted that these values 


TABLE 1.—VanrraTions IN THE Friction Factor, f,* FoR CHANGES IN 
SoLtips CONCENTRATION IN A Four-INcH PiPE 


(b) VALUES OF f FOR THE 
Velocity, V, (a) VALUES aa james pee ee E macine vans RoerGwind: Pan cnaitaae 
in feet per or GRAVEL 
second 
10 15 20 25 30 35 40 15 20 25 
5.5 Peart hae itn 0.089 aa Beis 
6.0 oe its Soar deat tetas eae eee chee 0.084 0.102 0.118 
6.5 0.035 aise Bd ers Ret cvatays Brats ee 0.069 0.084 0.096 
7.0 0.030 | 0.031 | 0.033 alee te Ree. ets 0.058 0.070 0.082 
7.5 0.027 | 0.028 | 0.030 «2. | 0,084 Rc ae AUeee 0.050 0.060 0.068 
8.0 0.024 | 0.026 | 0.027 | 0.029 | 0.030 eer: (0.0388 0.044 0.051 0.058 
8.5 0.022 | 0.024 | 0.026 | 0.026 | 0.027 | 0.029 | 0.036 0.040 0.045 0.051 
9.0 0.019 | 0.023 | 0.024 | 0.025 | 0.025 | 0.029 | 0.033 aes savers Bay, 
9.5 0.020 | 0.022 | 0.023 | 0.023 | 0.024 | 0.028 | 0.031 
10.0 0.020 | 0.021 | 0.021 | 0.022 | 0.023 | 0.026 | 0.029 
10.5 0.020 | 0.020 |. 0.020 | 0.021 | 0.022 | 0.024 | 0.027 
11.0 0.020 | 0.020 | 0.020 | 0.021 | 0.021 | 0.023 | 0.025 
11.5 0.019 | 0.019 | 0.020 | 0.020 | 0.020 | 0.022 ofeidts 
12.0 0.019 | 0.019 | 0.019 | 0.019 | 0.019 aes 
12.5 0.018 | 0.018 | 0.017 scan reer 
13.0 0.017 Mharaye 


* All values of f are computed from a head that is in feet of mixture rather than in feet of water. 


are determined from a head that is expressed in feet of mixture rather than 
in feet of water.) Inspection of Table 1(a) shows decrease in f-values for 
increases in velocity as well as increases in f-values for practically all increases 
in solid concentration. Observations through the transparent section of the 
pipe indicated that these variations in f could be expected, because of changes 
in transportation characteristics that were observed. 


TABLE 2.—VAaRIATIONS IN Friction Factor, f,* FoR CHANGES IN SOLIDS 
CONCENTRATION IN PipEs OF VARIOUS SIZES 


One-IncH PIPE Turee-Inco Pirp Four-IncH Piper 
Velocity, H ; 
Y, in feet Values of f for the Following Percentages of Solid Matter: 
per second 
10 20 30 10 20 30 10 20 30 
060 0.084 0.098 0.070 0.081 0.098 0.076 0.100 0.123 
: 0 0 046 0.054 0.066 0.048 0.059 0.069 0.055 0.071 0.085 
6.0 0.038 0.041 0.050 0.039 0.047 0.053 0.044 0.055 0.064 
7.0 0.036 0.037 0.041 Beet 2 a 0.043 5 ve iH ee 
0.034 0.038 F 
5 0 ete = 0.028 0.030 0.029 0.034 


AE OE LA ee Be Be Le en eee 
* All values of f are computed from a head that is in feet of mixture rather than in feet of water. 
Investigation of the variation of f-values when gravel was transported 

shows characteristics similar to those obtained for sand. These values are 

shown in Table 1(b). The changes in values of f can be seen to follow the 
same trends that were found for sand. 
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Papers 


Investigation of the 1-in. pipe by Miss Blatch and the 3-in. and 4-in. pipe 
of Hazen and Hardy shows tendencies similar to those obtained from the 4-in. 


pipe at the U. S. Waterways Experiment Station. 


Computations of f-values, 


made for the 1-in., 3-in., and 4-in. pipes are presented in Table 2. The weight 


of wet sand in these tests was assumed equal to 129.5 lb per cu ft. 
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The only data available for f- 
and these values were found to 
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be compared wit 
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values in clear water referred to the 1 
range from 0.037 
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ried from 0.0206 at 5.4 ft per sec 
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Fic. 7.—LocGaritumic Prior or Heap Losses ror Various SAnp CONCENTRATIONS 


-in. pipe, 


at 3.0 ft per sec to 0.035 at 
he U. 8. Waterways Experi- 
to 0.0164 at 11.2 ft per sec. 
Hardy investigations cannot 
terways Experiment Station, 
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because of the differences in pipe and sand. The test pipe described herein 
has two 2-ft pyralin sections and one 2-ft sheet metal section in the test line. 
No sand analysis curves were presented in the Hazen and Hardy paper. 

These results show the differences that can be expected in head losses due 
to the type of material that is being transported. It can be seen from a review 
of these data that a very fine sand should be transported with much less head 
loss than a large sand or small gravel. Changes in the gradation of the ma- 
terials are the primary causes of variations, and it is due to these changes that 
it is not possible to obtain a formula for head loss that is applicable to any but 
specific gradations of material. 

Exponential Formulas.—Attempts were made, without success, to determine 
a satisfactory approach to an exponential formula for pipes carrying sand. 
Due to the fact that head losses were believed to vary with the three types of 
sand movement, the attempts at developing exponential formulas were con- 
fined to the velocity range in which all particles were in motion. 

Logarithmic plots of varying solid concentrations were made and the results 
of these plots are shown in Fig. 7. From these curves it was found that the 
slope of the lines varied with changes in solid concentration, the formulas of 
the type, 


Wg ARIMA oA ATI COST Tae 5 5 ars = CSE (3) 
being, for 30% solids: 
a PSA TTI GTIIN LSE Gaara eam ace (4a) 
for 25% solids: 
freee OULLS Veet tute hyn. eke ete (4b) 
for 20% solids: 
hy 0089, VIO Me ey te vas te (4¢) 
for 15% solids: 
Fe eal OOASA Dat gate ie mat eet Re (4d) 
and, for 10% solids: 
a Ppa OSOOZA Vere, os ee man te oat pac ee (4e) 


The next step was to plot values of the intercept of these curves against 
the slope of the line as shown on Fig. 8. The equations for these curves (of the 
type of Equation (3)) being: 


For Curve (1), 


Wet ALO OAS. degree ita «che tee rlie suet sya he (5a) 
and for Curve (2), 
6.4 (5b) 
Sige ps Reage eaaas oe a> = 2s eater ee 


(In Equations (5a) and (5b): m = the intercept; P, = the solid concentration; 
and x = the exponent for the general equation.) Although this action provided 
a satisfactory set of curves which were applicable to all solid concentrations, it 
was realized that this formula would yield data that were satisfactory for only 
one size of pipe transporting only one particular class of sand. A family of 
curves might yield data applicable to general cases, but the foregoing data 
considered only one of the types of movement. Since data were lacking for all 
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Fig. 8.—Locariramic Pior or EXPONENT AND m-VALUES FOR Various SAND CONCENTRATIONS 


except one set of curves, and it was believed that this method would result in 
more complications relative to transition velocities for the types of movement, 
efforts to obtain an exponential formula were abandoned. 


Tur EcoNoMICAL VELOCITY FOR SAND TRANSPORTATION 


The velocity at which any given volume of sand per hour can be trans- 
ported through a given length of pipe with the least expenditure of power per 
unit volume of sand transported, has been called by Miss Blatch’ the “eco- 
nomical velocity.”’ Curves taken from diagrams in her discussion can be 
found in several references on sand transportation, and it is the information 
contained in these curves rather than the definition itself that will be treated 
herein. 

In order to determine an economical velocity for transporting material in 
any given size of pipe, the following factors should be considered: (1) The 
length of line to be used; (2) the energy required to produce the desired 
velocity; (3) the type of material to be transported; and (4) the solid concen- 
tration that will cause a minimum loss of head at the velocity that is desired. 
The resultant economical velocity, therefore, is a delicate balance among these 
factors. 

Of the aforementioned considerations, it is believed that the type of material 
to be transported, Factor (3) is most pertinent. A comparison of Figs. 6(a) 
and 6(b) shows clearly the great effect on head loss that will result from vari- 
ations in gradation of the material. These differences in grain sizes have a 
decided effect on all transportation characteristics and the results obtained 
from one class of material cannot be expected to hold for another. The fact 

1 Transactions, Am. Soc. C. E., Vol. LVII (1906), p. 406. : 
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that the data from the U. S. Waterways Experiment Station fail to check those 
of Hazen and Hardy is attributed directly to this cause. Therefore, it is 
suggested that exceeding care be taken in the use of curves giving “economical 
velocities” or ‘‘velocities at which all material is in motion,” as these curves 
fail to consider the changes in the physical composition of the material to be 
carried. Too great emphasis cannot be placed on this point, because a blind 
acceptance of values from curves of unknown origin will lead to unusual and 
unexpected results. 

Although no method for determining the “economical velocity” or “the 
velocity at which all material is in motion” is presented in this paper, it is 
desired to emphasize the fact that for each type of material there will be vari- 
_ ations in characteristics that will definitely affect the economical velocity. It 
is recommended that for all exact design purposes a test line be used to deter- 
mine the characteristics of the material, rather than a curve or formula, because 
any data that can be obtained relative to the characteristics of a particular 
material in a pipe will be of far more value than all theoretical approaches to 
the solution. 


TRANSFERABILITY OF EXPERIMENTAL RESULTS 


Results from the investigations on 4-in. pipe cannot be applied, by means 
of any model law, to larger pipe used in dredging. General variations of type 
of movement, head losses, and method of transportation, discussed previously, 
occur in a similar manner in larger pipe. Because of the constant variations 
in the material pumped by dredges, the results from 4-in. pipe can be con- 
sidered only qualitatively, when applied to the larger pipe lines. Velocity 
determinations in regard to the ranges of the different classes of movement are 
of primary importance in attempting to apply results from smaller pipe to the 
larger sizes. Observations through the transparent section of the test line 
showed that a velocity range of from about 5.0 ft per sec to 8.5 ft per sec in the 
4-in. pipe would cover all types of movement that occur in the discharge lines 
of dredges. It can also be expected that, depending on the length of the 
discharge line of the dredge, the material in the line will move in accordance 
with one of the three types of movement previously described. For long 
discharge lines, where the velocity drops to about 14 or 15 ft per sec in a 32-in. 
line, or to 9 or 10 ft per sec in a 20-in. line, the material will settle on the 
bottom of the pipe, provided sand is being pumped. As the length of the line 
is decreased and the velocity is correspondingly increased, the types of move- 
ment change until the material is being literally blown through the line, 
passing through exactly the same stages of transportation as those found in 
the 4-in. pipe. 

The determination of an economical velocity for the discharge lines of 
dredges cannot be made directly from characteristics of the transported 
material, however, because it is usually true that power developed by the 
pumping machinery and the fuel consumption have more bearing on this 
velocity than head losses in the line. This fact makes the economical velocity 
for each dredge an individual problem which cannot be solved until a sufficient 
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period of operation has elapsed to furnish data relative to output and fuel 
consumption for various pump speeds. Although it can be found that the 
minimum head loss for the discharge line would occur at a certain velocity, it 
must also be considered that a greater quantity of material might be moved, 
at a higher velocity and with a slightly greater fuel consumption, but with no 
real increase in operating overhead. It can be seen, therefore, that, besides 
the theoretical conditions for the economical velocity in the pipe line, the 
consideration of operating costs and depreciation must necessarily play a 
greater part in determining velocities for use in large pipe lines. 


CONCLUSIONS 


In attempting to generalize the findings of this investigation, the conclusions 
are confined to a range in which as many statements as possible can be con- 
firmed by data from previous investigations. This is done, whenever possible, 
to prevent the forming of conclusions from only one set of data. 

The investigations described herein, with information available from other 
studies conducted on somewhat similar lines, justify the following conclusions: 


(1) Sand is transported in pipes by rolling along the bottom at low veloc- 
ities, “jerking’’ along the bottom at medium velocities, and by having all 
particles in motion at velocities greater than the range in which “jerking” 
occurs; 

(2) The largest quantity of material is transported in the lower third of a 
pipe rather than along the bottom; 

(3) For pipes carrying sand, values of f in Equation (1) will decrease with 
an increase in velocity; 

(4) Values of f will increase with an increase in solid concentration, for 
any velocity; 

(5) A general formula for use in determining head loss in pipes carrying 
sand is definitely dangerous for use by any person who has not had consider- 
able experience with the use of the formula; 

(6) The economical velocity for transporting solids depends upon the 
character of the material to be carried, and each class of material will probably 
have a different economical velocity for the same size of pipe; 

(7) A pipe line, transporting material of a large grain size at low velocities, 
will become blocked much more frequently than pipes carrying material of a 
small grain size, because the larger particles tend to become locked, obstructing 
other particles, and do not form a smooth bed over which the material can 
move; and, 

(8) The transfer of results from a small pipe line to a line of greater 


diameter must be qualitative and not governed by any law of corresponding 
velocities. 
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PRINCIPLES APPLYING TO HIGHWAY 
ROAD-BEDS 


By IRA B. MULLIs,? Esq. 


SYNOPSIS 


The purpose of this paper is to present, for criticism and discussion, a 
process of reasoning and development in road-bed design and construction 
rather than to set forth definite rules and data; to apply the laws of mechanics 
of materials to the solution of road-bed problems; and to stimulate research 
and thought in the rational design of road-beds. The mechanical properties 
of typical earthy formations are discussed with reference to their suitability 
for road-bed use. Construction methods and experience are presented and 
discussed. 


ESSENTIAL STRUCTURAL REQUIREMENTS 


With respect to the design, construction, and use of any structure, certain 
physical properties are required. These properties and their inter-relationships 
constitute that branch of science known as Mechanics of Materials. Other 
branches of science are frequently required to aid in the explanation or inter- 
pretation of certain physical facts; but with respect to structures of all kinds, 
the mechanics of materials furnishes a direct means of approach. 

The first essential to the design of all structures, including road-beds, is the 
determination of the specific structural requirements, such as type and mag- 
nitude of load to be supported by the several members of the structure. A 
satisfactory road-bed must possess the following requirements: | 

(a) Compressive strength in excess of that of the maximum wheel load 
to be used; : 

(b) Effective pore space so limited in volume that it cannot receive suf- 
ficient water to produce plasticity; 

(c) Water content so restricted in quantity as to cause the road-bed to 
remain an elastic solid; and 

(d) Surface protection against the destructive forces of traffic, weather, 
and erosion. 


Norz.—Written comments are invited for imediate publication; to ensure publication the last 
disussion should be submitted by November 15, 1938. 
1 Assoc. Highway Engr., U. S. Bureau of Public Roads, Omaha, Nebr. 
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To satisfy the foregoing requirements, both designer and builder must 
possess adequate knowledge of the structural requirements of road-beds and 
must be familiar with the mechanical properties of the available materials to 
be utilized. : 


GASES ad 


Every one knows that matter exists in three states: Gases, liquids, and 
solids. Gases belong to that form of matter which is elastic and tends to 
expand indefinitely. The gas that affects road-beds most is air. Its chief 
characteristic, as it relates to road-beds, is that of expansibility. If a pint 
of liquid is poured into a quart bottle, it does not expand and fill the bottle. 
In contrast, an inflated pneumatic tire is punctured, and the escaping air 
expands and occupies considerably more room than it had before. 

During the period of road-bed construction the engineer is concerned with 
the elimination of air from earthy materials. This removal is essential before 
earth particles can unite. After a road-bed has been completed the presence of a 
limited quantity of air in its pores restricts the quantity of water that these 
pores may receive. In case of freezing, the air is either compressed or removed, 
and room is thereby furnished for the expansion of the freezing water within 
the pores without disrupting the solid mass. Thus, it will be seen that a 
limited air content in the fine pores of a road-bed is an element of safety. For 
this reason the better grades of sand-clay gravel roads do not fail under frost 
action. 

Liquips 


A liquid is a body of matter, such as water, which offers resistance to any 
change in size, but none to change of form. The only liquid to be considered | 
herein is water which, when pure, has a specific gravity or density of 1.00 gram 
per cucm at 4° C. Within the scope of this paper this value is satisfactory for 
all atmospheric temperatures above the freezing point. Pure ice, at the 
freezing point, has a density of 0.9175. With the density of water considered 
as unity, therefore, it will be seen that 1 unit-volume of pure water, upon 
freezing, becomes 1.08+ units, an expansion of 8 per cent. However, under 
field conditions, this expansion (including entrapped air) is generally considered 
to be about 10 per cent. When freezing water is rigidly confined, its force is 
enormously destructive. The only known method of avoiding this destruction 
to road-beds is that of restricting the quantity of water that may enter them. 

The forces exerted by water are both gravitational and molecular. The 
gravitational force is too well known to require more than mention. The 
molecular forces, because of their finite scope and the conditions under which 
they act, frequently evade interpretation. They include adhesion, cohesion, 
and chemical affinity. Discussion of how these forces act is beyond the scope 
of this paper, but knowledge of the conditions under which they apply is 
essential. 

As a constituent of road-beds, water is essential at alltimes. Its importance 
as a means of removing air during the period of construction has already been 
stressed; but the removal of air is not enough. Particles must be cemented 
together, if all their potential strength is to be utilized. On the other hand, 
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the excessive use of water is to be avoided; otherwise, a weak and excessively 
porous or fissured structure is obtained. ‘Spare the water and increase the 
weight of the roller” is generally a safe maxim when compacting earth, but the 


presence of excessive volumes of air in the compacted mass should not be 
tolerated. 


SOLIDS 


A solid body is one which offers resistance to any force that tends to change 
either its form or its size. The ultimate particles of a solid are considered as 
being bound together by some kind of intermolecular force which causes them 
to resist forces tending to separate them. 

The theory of solids includes the concept of continuity of matter, but, in 
a strict sense, this is never true. Even atoms contain much open space. 
Although steel is an excellent example of an elastic solid, it possesses a crystalline 
structure. When crystal size in metals or non-metals is reduced and the 
crystals are more closely arranged, strength is increased. Moreover, it has 
been shown that certain metal surfaces can be ground and polished to planes 
so perfectly fitted as to bring them within range of molecular forces sufficient 
to offer considerable resistance to their separation. 

Bodies of earth within the definition of that of a solid are to be found occur- 
ring, both naturally and artificially, everywhere. It is this state of aggregation 
of earth particles that is most desirable for road-beds. 

To solidify masses of earth, the constituent particles and molecules must 
be united. This process involves the removal of air, the development of 
cementing properties, and close molecular arrangement of all constituent 
particles. In this process, water is essential both as an aid in the removal of 
air and also in the preparation of the clay molecules for the uniting process. 
Another essential is adequate pressure. With the aid of water and pressure, 
the molecules are brought into that state of aggregation in which intermolecular 
force-functioning becomes possible. The mass may now be considered as 
having been ‘‘welded” into a solid body.2, Upon completion of the welding 
process it may be considered as a malleable solid possessing considerable com- 
pressive strength. 

Of course, small masses of clay particles may also be united into strong 
bodies by the simple process of thorough wetting and mixing, followed by con- 
trolled drying. This method may be termed ‘‘aqueous fusion” and is somewhat 
analogous to the fusion of metal scraps into a solid body. Under certain 
conditions, such as that of constructing a sand-clay mat, the aqueous fusion 
process may be used advantageously in highway work; but its use should be 
restricted to granular or thin masses where adequate drying is possible during 
the process of construction. This method should not be attempted in heavy 
clays where the development of shrinkage fissures will certainly cause trouble, 
unless they are solidly filled during the period of construction. 

With respect to the matter in which solids resist forces, hardness, brittle- 
ness, elasticity, and plasticity may be mentioned as being important mechanical 
properties applying to road-beds. 

7", Treatise on Metamorphism,” by C. R. Van Hise, Monograph 47, U. 8. Geological Survey, 1904. 
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Hardness, in the broadest sense, is that property of any material that 
causes it to resist deformation or abrasion by external forces, This charac- 


5 


4 


teristic depends, first, upon the nature of the chemical substances it contains; — 


and, second, upon the state of molecular aggregation. The quantity of water 
present in rocks and minerals is an important factor of hardness. Hydrous 
minerals are invariably softer than those of a similar character except that 
they contain less water; for example, quartz is harder than opal. The only 
chemical difference between quartz and opal is the presence of water in the opal 
in varying percentages ranging from about 2 to 13.3 The softness of wet brick, 
wet stone, and other non-ferrous materials in contrast to the same materials 
in the dry state are too well known to require discussion. It may be men- 
tioned, however, that clays are hardest when in the densest and dryest condi- 
tion; and, of course, they soften and also weaken in proportion to increases of 
porosity and water content. 

Brittleness is characteristic of materials having little or no plasticity. Such 
materials have a very low elastic limit and this is poorly defined. Failure of 
this class of materials under stress, therefore, is sudden and generally without 
warning. Dry clays are characteristically brittle and such materials are not 
well adapted to road use. Moreover, dry particles are easily sheared, form 
dust, and, therefore, produce traffic hazards. 

Elasticity is that property of solids which causes them to recover or tend 


to recover change of form or size upon removal of the deforming force. Within — 
the elastic limit, stress and strain are proportional; but when the pressure — 


exceeds that of the elastic limit of a given material, plastic flow has begun. 

One of the essentials of any traveled way, whether it be path or road, is 
that of elasticity. The road must be able to resist wheel loads adequately and 
also to recover after their passage. The elastic limit of the road-bed must be 
adequate for all loads under expected conditions of weather. 

Inasmuch as bone-dry clays are characteristically brittle and wet ones 
plastic, obviously there must be a state of moisture at which a given clay 
may be caused to attain its maximum elasticity. The methods for developing 
elasticity will be discussed later. 

Plasticity may be described as follows: A body is said to be plastic when it 
has the ability to change its shape, even to a marked extent, without rupture. 
A perfectly plastic material is one on which an applied load, however small, 
produces a permanent deformation. Plasticity in the wide sense of the word, 
according to the New Century Dictionary, means the possession of a structure 
weak enough to yield to an influence, but strong enough not to yield all at once. 
The word is defined by Alfred B. Searle‘ as “that property of a material by 
means of which it may be deformed or changed in shape and yet retain that 
shape when the deforming force is removed.” Heinrich Ries® defines plasticity 
as “the property which many bodies possess of changing form under pressure 
without rupturing, which form they retain when the pressure ceases, it being 


3“Textbook on Mineralogy,” by E. S. Dana, Fourth Edition, 1932. 


ra : : : : 
Usliean neue and Physics of Clay and Other Ceramic Materials,” by Alfred B. Searle, 


5“Clays, Their Occurrence, Properties and Uses,” by Heinrich Ries, Second Edition, p. 119 


Second 
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understood that the amount of pressure required and the degree of deformation 
possible will vary with the material.” The late Mansfield Merriman, ® 
M. Am. Soc. C. E., defined a material as plastic when it has no elasticity, so 
‘that the smallest forces cause permanent deformation. 

Work done by Bennett H. Levenson and verified by Charles Terzaghi,’ 
M. Am. Soe. C. E., showed that pressures as small as 5.6 lb per sq in. were 
sufficient to produce plastic deformation in all wet bodies of earth tested 
(including both fragile and tough clays). His experiments also showed that 
plastic deformation occurred at equal moisture contents in duplicate bodies of 
earth regardless of the magnitude of the loads applied. The loads applied 
were 5.6, 12.0, 16.0, and 32.0 lb per sq in., respectively. In all cases, the 
bodies were free to deform in one or more directions. 

Yield Point Due to Water Content—The moisture content at which earth 
and other wet ceramic bodies change from the elastic to the plastic state is 
known as the yield point due to water content. By this definition it will be 
seen that earth containing water, equivalent to that of its yield point, will 
behave as a plastic body. All unconfined plastic bodies not only deform when 
loaded, but continue to do so without any increase in the applied load. This 
yield point of plastic clay bodies under load may be said to be analogous to 
the yield point of a loaded mass of red-hot steel which is also plastic. Both 
metallurgists* and structural engineers® recognize the effect of applied heat 
in the reduction of the strength of metals. Gustav Tammann states, ‘With 
increasing temperature the tensile strength of metals decreases at first slowly, 
then rapidly so that at a red heat most metals have only a very small tensile 
strength.” The law of ‘plastic yield” governs in both cases. Moreover, it 
is evident to the physicist that in the processes of drying wet clay and of cooling 
hot steel, both first lose their plastic properties and then pass into states of 
elasticity. It must also be remembered that beyond certain limits of dryness 
of the clay or of the coldness of the steel the elastic properties disappear and 
the bodies are then said to be brittle. The effect of water content on the 
several states of coherent earth is illustrated in Fig. 1. By substituting the 
words, “Temperature increasing,” instead of the words, “Water content in- 
creasing,” on the X-axis of the diagram, the effect of temperature on the 
strength of metals may be illustrated. 

By definition of Ries,® the yield point of plastic clay is equivalent to Albert 
Atterberg’s “lower plastic limit,’ 1° which is restricted by the point of rupture 
or rolling-out limit. However, Atterberg’s method of determination is made 
in the reverse order, that is, by a process of moisture decrease instead of that 
of moisture increase. A comparison of the essential rupture feature in the 
Atterberg test with other definitions of plasticity reveals the harmony of the 
definitions of all investigators of plasticity. Furthermore, the yield point due 
to water content of fine sands and silts was found by Levenson’ to approximate ° 


6 ‘‘Mechanics of Materials,’ by Mansfield Merriman, Tenth Edition, p. 44. 

7'Simplified Soil Tests,” by Charles Terzaghi, Public Roads, Vol. 7, No. 8, pp. 153-162. 
8‘*A Textbook of Metallography,’’ by Gustav Tammann, Third Edition, 1925, p. 129. 

9 “'Textbook of the Materials of Engineering,” by H. F. Moore, Fifth Edition, pp. 36-45. 


ry oe a8 ” b 
i t. on Pedalogy (1911); also, ‘‘A Study of the Atterberg Plasticity Method,” by 
Charles 5° SN Lonad Bureau of Standards, Technical Paper No. 46. 
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75% of Atterberg’s “lower liquid limit”’ value. Moreover, in many types of 
plastic earth the relationship between these limits is such that 75% of the 


oe 
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Fic. 1.—I.iusrration or Errect oF Water CONTENT ON THE SEVERAL MECHANICAL 
PROPERTIES OF FARTHS 


lower liquid limit value frequently approximates the lower plastic limit value, 
but important exceptions to this relationship are to be found. 


GRANULAR MASSES 


Material in a granular state is exemplified by sand and gravel deposits, 
which are characterized by their limited compressibility and the ease with 
which they receive and lose water. Owing to the surface tension of water, 
moist sand under traffic is more stable than dry sand. ; 

The ease with which pores or voids in masses of course sand and gravel 
receive the discharge water is too well known to require discussion. In contrast 
to this, the pores in masses of very fine sand and silt are noted for retaining 
much of the water so readily received. Assuming a usual bulk density of sand 
and gravel to be 1.70 and that of silt to be 1.36 and both having an absolute 
density of 2.65, the former will have a pore space of 35.8% and the latter, 
48.7 per cent. To fill the voids in the mass of sand and gravel with water 
would require a quantity equivalent to 21.0% of their dry weight; however, 
probably less than 5% of it would be retained. To fill the voids in the mass 
of silt would require a quantity of water equivalent to 35.8% of its dry weight 
and most of this water would be retained against gravitational drainage. The 
water retained in the mass of sand or gravel would be an asset in aiding traffic 
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over it, but the water retained in the mass of silt would convert it into a 
quagmire. 


Loosz, AMorpHous, PiatTe-Likz, Frerous, AND CELLULAR MATTER 


Loose material, regardless of other attendant structural properties, should 
have no place in a road-bed. Pore space is always large in loose materials and 
when the individual openings are so small that the force of surface tension is 
greater than that of gravity, water is removed only through evaporation. 

Dry Clay.—The brittle properties of consolidated masses of dry clay have 
already been discussed under the heading, ‘‘Solids.’’ Loose masses of dry clay 
are composed of particles or chunks containing much air. In this state, the 
mass can be neither compacted nor welded into a solid. Dry masses of earth 
utilized in the formation of road-beds should be expected to contain many 
air-filled cavities which are likely to contribute to future saturation and 
settlement. Dry earth should be utilized in road-bed construction only for 
blending or conditioning wet earth so as to obtain little variation of moisture 
throughout the structure. 

Although loose deposits of moist clay or well-graded mixtures of sand and 
clay have possibilities for being converted into road-beds of considerable 
strength and durability, even these should have no place in a road-bed until 
they have been well compacted. Masses of earth particles which do not 
conform to the definition of a solid as given by the physicist cannot function 
as a part of a satisfactory road-bed. 

Wet Clay— Whether it is in a plastic or fluid condition, wet clay is generally 
in a state of expansion; it has very little supporting capacity and, therefore, 
should not be utilized. When it must be placed in road-beds, it should be 
used sparingly and distributed so that excess water will become absorbed by 
contiguous dryer layers of earth during the period of road-bed construction. 

Road-beds constructed of wet earth shrink upon drying and, therefore, 
lead to the development of shrinkage fissures. These fissures become water- 
filled during rainy seasons and thereby contribute in large measure to the 
never ending cycle of excessive moisture changes and their attendant instability. 

Plate-Like Particles—Plate-like fragments or particles belong to one of 
three general classes: Brittle, elastic, or flexible matter. Of these, brittle, 
plate-like matter, such as spalls of rock, may best be utilized only when sand- 
wiched between layers of moist, compact earth so that bond is provided for 
these incoherent fragments. 

Cellular Matter—Another type of brittle matter is that of diatomaceous 
or radiolarian earth. Both these types consist of shells of siliceous matter 
mixed with greater or less quantities of earth. These shells or frustules have 
various shapes, but all are more or less cylindrical, cup-like, cellular, or rod-like 
in form and have many openings which give the particles a kind of lace-like 
appearance. The pore space within, and also between, these minute shells 
forming the mass is enormous, and all pores are so small as to resist gravita- 
tional drainage when filled with water. Due to the fragility of the particles 
and also to the enormity of the pore space, neither diatomaceous nor radiolarian 
earth is satisfactory for use in road-beds, 
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Volcanic ash deposit contains enormous pore space also. Its utilization in 
the formation of road-beds, therefore, should be restricted to the minimum. 
In no case should it be placed in the upper part of the road-bed nor on road-bed 
slopes where it may be subjected to erosion. 

Micaceous Earth—The only minerals that possess marked elasticity so that 
they spring back when deformed, are the micas. These mica flakes when 
associated with common earth tend to produce a fluffy mass. Even the 
presence of small quantities of mica flakes increases mass porosity. Although 
the individual flakes possess considerable elasticity, the mass cannot be con- 
sidered an elastic solid. Due to lack of stiffness and other structural weak- 
nesses, bodies of micaceous earth may be utilized only when better material 
is not available. However, if this material is utilized, the upper 2 ft or more 
of the road-bed must be formed of select earth if maintenance troubles are to 
be averted. 

Peat.—Spongy cellulose matter such as peat, humus, leaves, and straw 
has an absolute density of about 1.5. The absolute density values obtained 
for peat deposits from five localities along the Atlantic Coast and one from 
the State of Washington as determined by Messrs. I. .C. Feustel and H. G. 
Byers" ranged from 1.105 to 2.161, the mean value being 1.533. Abnormally 
high density values are obviously indicative of mineral contamination to a con- 
siderable extent. In further substantiation of the absolute density of cel- 
lulose matter being about 1.5, the research personnel of the United States 
Forest Products Laboratory states that the absolute density of the actual 
wood substance of all structural timbers is about 1.54.” 

The bulk density values of dry peat as given by Messrs. E. K. Soper and 
C. C. Osbon" are as follows: Turfy peat, 0.11 to 0.26; fibrous peat, 0.24 to 0.67; 
earth peat, 0.41 to 0.90; and, pitchy peat, 0.62 to 1.03. ‘|The bulk density 
values of dry peat from localities already mentioned, as determined by Messrs. 
Feustel and Byers," ranged from 0.06 to 1.21, the mean value being 0.53. 
The effect of the presence of considerable quantities of mineral matter is again 
apparent in its influence upon density increase. A tabulation of thirty-three 
commercial woods tested in the U.S. Forest Products Laboratory shows bulk 
density values, when corrected to a 0% moisture content, ranging from 0.29 
to 0.65, with a mean value of 0.44. It becomes apparent, therefore, that the 
only essential difference between the structural properties of timber and those 
of peat consists of difference in porosity and bond between fibers in the re- 
spective materials. 

Due to its enormous pore space and also to its marked affinity for holding 
water," ™ deposits of peat are to be avoided as road locations when possible. 


MEASUREMENTS OF THE PROPERTIES OF RoAD-BED MATERIALS 


The design of road-beds, like that of other structures, must be based neces- 
sarily on the mechanical properties of the materials to be utilized. The usual 
fe) a eee en i 


11 ‘‘Physical and Chemical Characteristics of Certain A i P P i? 
H. G. Byers, Technical Bulletin No. 214, U. 8. Dept. of Aumatltnre. bat Profiles, by, 1) C.Reareenes 


12**Wood Handbook,” Forest Products Laboratory, U. 8. Dept. of Agriculture. 


18 “The Occurrence and Uses of Peat in the United States,” ._ K. i 
No. 728, US. Cadena ee in the United States,” by E. K. Soper and C. C. Osbon, Bulletin 
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location survey must be supplemented by a materials and profile survey which 
includes soundings, collection of cores and samples of all strata, and, finally, 
the measurements of the mechanical properties of the specimens and samples 
collected. For obvious reasons no designing should be started until all design 
data, including materials tests, are complete. 


DENSITY 


The term, density, is used in two senses: (1) Absolute density, for expressing 
the weight per unit volume of constituent particles of a solid or mass, exclusive 
of voids; and (2) bulk density for expressing the weight per unit volume of 
mass, including voids. In both cases, the numerical value of density is ex- 
pressed in grams per cubic centimeter. 

Bulk density is frequently expressed in the English system as weight in 
pounds per cubic foot, but the metric system is to be preferred for these 
measurements since absolute density is always expressed in that system. 
Furthermore, when bulk density is expressed in the English system, the two 
terms, absolute density and bulk density, must be expressed in the same system 
before pore space can be computed. Moreover, the metric system is better 
adapted to scientific work since it does not involve the awkward volumes and 
weights of the English system. 

Absolute Density—The term, “absolute density,” is frequently called ab- 
solute or true specific gravity and in geology, ‘mineral specific gravity.”’ In 
all cases it signifies the ratio of weight of 
a given volume of dry matter, unaffected 
by porosity, to the weight of an equal Owe 
volume of distilled water. Absolute den- 2 
sity may be determined by any one of 
several well-known methods, all of which 
require precise weight and absolute vol- 
ume measurement of the matter being 
investigated. 

Bulk Density—The term, “bulk 
density,” signifies the unit weight, in 

. _ Brass 
grams per cubic centimeter, of dry matter Nickel Plated 
being investigated, including its contained 
pore or void space. Itis synonymous to 
the term, ‘‘bulk specific gravity,” and also 
to the term, ‘‘rock specific gravity,” fre- 
quently used by geologists. Bulk density 
measurements may be performed by any 
one of several well-known methods, but 
the use of kerosene in the overflow volu- 
meter (shownin Fig. 2) is recommended for 
volumetric measurements in the labora- 
tory. This volumeter was designed by Mr. L. L. Marsh of the Kansas State 
Highway Commission. It is of the siphon type, dripless in performance, and 
capable of giving precise results on specimens of considerable size. The balance 


72 ' Copper Tube 
(Inside Diameter) 


‘ 
Fie. 2.—Overrtow VOLUMETER 
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should be accurate to 0.1 gram for laboratory work and to 0.5 gram for field 
work. 

Volumetric measurements of earth in cut and also in fill are readily made 
by the use of a 4-in. post-hole auger for obtaining the sample, and its volume 
may be obtained by filling the hole with common §8.A.E. 30 oil or dry, screened 
sand, of known density, from the spout of a pot containing a known weight of 
the material utilized. A table for converting the weight of these materials 
into metric volumes is a recommended convenience, based on the formula, 


Bulk density = EU volume of mass, in cubis Cone oak 
ry weight, in grams 

Subdivision of Bulk Density—Inasmuch as bulk density measurements are 
utilized in three distinct states or conditions of compactness, it becomes 
necessary to restrict its meaning to suit its precise application to a given 
problem. The term, bulk density, therefore, has been subdivided into three 
brief expressions: ‘‘Cut density,” ‘fill density,” and ‘standard density.” 

The term, “cut density,” will be applied to all bulk density measurements 
made on specimens of undisturbed rock or earth taken from ‘‘cut,” “borrow,” 
or other sources from which “‘fill’”’ material is to be obtained. 

Fill density will be the term applied to all bulk density measurements made 
on specimens taken from “fill,” after the fill material has been placed in its 
final position or in a given state of compactness. Further restrictions of this 
term can be made as desired by adding a limiting adjective, such as ‘‘rolled,” 
“amped,” ete. 

Standard density of earth utilized in road work may be defined as that 
state of compactness in which all pores. have been reduced to the minimum 
without crushing any of the constituent particles, and all water has then been 
removed. Samples for this determination obviously must be representative 
of the material sampled. Deposits containing rock fragments too large for 
this determination are given special consideration through other measurements. 
For obvious reasons, the size of the sample taken must be proportional to the 
size of the largest rock particles in it. 

The sample is prepared for test by vigorous boiling. This serves three 
purposes: It breaks up the clod structure without crushing the rock fragments; 
it reduces the labor involved to the minimum; and, it removes all air from the 
pores and thereby permits the wet mass to dry and shrink to a reproducible 
numerical value,of density. Boiling should be continued until the water 
content is reduced to the minimum boiling limit. When the boiling process 
has been discontinued, more water may be removed by pouring the wet mass 
into a hot, porous, plaster-of-Paris mold similar to those used in the pottery 
industry. Finally, the sample is dried in an oven. The dried and cooled 
specimen is then weighed, soaked in kerosene, and its volume measured in the 
kerosene-filled overflow volumeter. This method of testing has been developed 
by the Iowa State Highway Commission to the extent that close check results 
are obtained and many tests can be completed by two operators within 24 hr 
of their receipt in the laboratory. Moreover, the usual laborious work of 


— 
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drying and pulverizing the material prior to testing is entirely eliminated by 
this improved technique. 

Application of Density Measurements.—Density measurements are utilized 
as follows: 


(1) The ratio of shrinkage or swell which earth and rock masses undergo 
when transferred from “‘cut’’ to “fill” may be determined in advance by means 
of density values obtained from representative specimens of materials in place 
and also from the density value designated for the proposed road-bed; 

(2) A means is furnished for computing pore space in bodies of earth in 
any state of compactness or wetness; and, 

(3) Density measurements furnish a simple means of expressing the quality 
of earth compaction in numerical terms. 


Standard density is utilized as follows: (a) As a distinctive and important 
property essential in the classification of earths proposed for structural use; 
(b) as a reproducible density, essential for specimens subjected to the hardness 
test; and (c) as a means for comparing the mechanical properties of thoroughly 
“welded” clays utilized in road-beds, with those utilized in the manufacture 
of clay products the mechanical properties of which have been measured. 
Experience has shown that the elastic limit and the yield point due to water 
content are to be preferred as standards of compaction instead of any standard 
based on density alone. 


Porosity 


All matter is more or less porous. The large pores in deposits of gravel 
cannot escape detection. The pores in deposits of silt are not so obvious, but 
water readily finds its way into them. Even iron is known to be porous and, 
therefore, allows water under enormous pressure to be forced through it. 

The invariable weakness of highly porous masses made up of minute cells 
which collect and retain large quantities of water has already been discussed. 
Therefore, attention will be directed to the discovery and measurements of 
pore space for the purpose of controlling it. 

The measurement of pore space is sometimes attempted by the water- 
absorption method. When the pores are large and open, the water-absorption 
method may be saisfactory; but where pores are more or less closed and tor- 
tuous, the entrance of water is restricted. Hence, in the one case, the volume 
of water absorbed may be equivalent to that of the total pore space; but, in 
the other, only a small percentage of the total pore space may be filled. 

The most precise method of determining pore space is by computation. 
The essential measurements required for this method are: (a) Numerical value 
of absolute density of the constituent particles, p.; and (6) numerical value of 
bulk density of the mass, py. Then, from the well-known relationship between 
the two types of density, the volumetric percentage of space occupied by 
pores, P, is expressed by the following equation: 


» ies ” 
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Obviously, Equation (2) may be applied either to cut, fill, or standard 
porosities by the substitution of actual numerical values for pp and pa. The 
volumetric percentage of solid matter, V,, in a given road-bed is expressed by 


the following equation: 
Ve = 7-100... Decislacc da Je. oul ee (3) 


The percentage porosity of a given deposit having been determined by 
formula, then that part of the space actually occupied by water may be com- 
puted from the determination of percentage of moisture by weight made on a 
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representative sample of that deposit. Since this value is based on the dry 


weight of earth, the volumetric percentage is, 
, ; Vai Pippen © 6! wel 6 Ses, 6 teie ates ene ee 


and the percentage of space remaining must be occupied by air and is, 
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The percentage of weight by water (P.) required to fill the pores and voids 
completely in a mass of a given state of bulk density is equal to the percentage 
of voids in that mass divided by its bulk density; or, 


To facilitate the computation of pore space in earth masses and also to 
determine the quantity of water required to fill the pore space in these masses, 
the nomograph shown in Fig. 3 has been devised. This nomograph, which is 
based on Equations (2) and (6), can be used to demonstrate the inter-relation- 
ship of density, pore space, and water capacity of earth masses. This is a 
major concept of this paper. 

Theoretical water capacity is the quantity of water necessary to fill the 
actual pore space in a mass of matter of known porosity. It may be expressed 
on a basis of either total dry weight or total dry volume. In this paper it is 
expressed as a percentage of dry weight. 


TABLE 1.—CHaARAcTERISTICS OF CERTAIN ForMATIONS ENCOUNTERED 
In Roap BUILDING 


DENsITY Cie oan 
; of water. ret 
— ey Characteristic 
Item Material Porosity by weight, bearing 
No. required mayangitis 
Absolute | Bulk to fill 
the pores 
(69) (2) (3) (4) (5) (6) 
(a) Marerrau In Irs Naturau STATE 
1 0.20 86.7 100.0 
3 Average peat bed. .......... 1.50 ‘000 60.0 100.0 
3 Mica flake bed............. 2.88 0.40 86.1 Jaw Taw 
4 Di are hed 2.15 0.45 79.1 ieee 
5 AACOMICE DOG areca alee © v0 aire « Fi 0.96 liga 57.7 | 
6 Volcanic ash bed........... 2.60 0.92 64.6 70.2 
(6) Marerrau In ‘STANDARD’? CONDITION OF COMPACTNESS 
: 1.20 54.7 45.6 
u {Rock flour, or silt bed....... 2.65 {1-50 (is (338 Medium to low 
9 China clay, or kaolin bed.... 2.62 1.30 Ei H 
10 7, Bed 2.65 1.60 39.7 24.8 High* 
li Common sand bed.........- E 1.80 32.1 17.7 
il, " 
a4 Common heavy clay bed..... 2.65 2.10 20.8 9.9 
14 i - ' . 
15 é 5 aes Ae 2.16 18.5 8.5 High 
16 Sand-clay road surface...... : 299 16.3 73 
17 2.26 14.8 6.5 


* When moist. 


Actual water capacity is the total quantity of water contained in a mass of 
earth that has ceased to absorb available water. Trial determinations for 
verifying the possibility of inducing further absorption may be made by means 
of shallow water-filled wells cut in the mass to be tested. Moisture deter- 
minations around wells, at short increments of distance from their centers, 


~~. .] 
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should be started after the rate of subsidence of water in the wells has been 
materially reduced or after a suitable interval of time of percolation from the 
wells. From these data and from the pore space previously determined, the 
percentage of pore saturation may be determined both for given distances from 
free water in the wells and also after given intervals of time of percolation. 

Table 1 is shown for the purpose of familiarizing the reader with important 
inter-relationships of density, porosity, and water capacity of certain forma- 
tions encountered in road building. (In the case of Items Nos. 14 to 17, 
Table 1, the determinations were made during the first “spring thaw.” The 
actual mean percentage of water held was 2.4, the maximum was 2.7, and the 
minimum, 2.2.) 


BRITTLENESS, ELASTICITY, AND PLASTICITY 


The effects of stress are deformation and rupture. The mechanical proper- 
ties of earths, like metals, may be classified, in a general way, in three groups: 
(a) Resistance to deformation and rupture; (b) capacity for deformation without 
rupture; and (c) work of deformation or rupture. 

In Group (a), which may be designated by the general term, ‘“‘hardness,” 
are included the elastic limit, modulus of elasticity, compressive strength, 
transverse strength, shearing strength, endurance limit under repeated stresses, 
Brinell hardness, etc. 

Group (b) may be covered by the term, “‘plasticity,’’ and includes the rela- 
tive compression without rupture in the compression test, the deflection at 
failure in the transverse test as well as the general properties denoted by the 
term, ‘‘malleability.” 

The work of deformation and rupture is the product of the resistance to 
deformation by the amount of deformation, and can be computed from the 
complete data of any test in which both load and deformation are observed 
continuously or at close intervals. It is represented by the area under the 
stress-strain curve. 

The method used in the measurement of brittleness, elasticity, and plas- 
ticity is that usually followed to determine stress-strain relationships. Stress- 
strain tests are performed either on specimens in the laboratory or on the road- 
bed during construction. However, a sufficient number of both laboratory 
and field tests should be made for correlation after which field tests made by 
means of the roller should be adequate. 

Tests on molded and dried specimens of known density can best be made in 
the laboratory. It is known that dried specimens possess an ultimate strength, 
show little elasticity, and fail suddenly under load. It is also known that very 
little moisture is required to develop elastic properties in earth in a well- 
compacted state, but exact information is lacking. Crusts of sand-clay roads 
carrying heavy traffic have been examined by the writer in which the moisture 
content was less than 4 per cent. The elastic properties of the crusts were 
not measured, but their condition under the traffic carried would lead one to 
infer considerable stiffness. Research on the quantity of water needed to 
change a brittle earth into an elastic one is needed. 
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Although the exact quantity of water necessary to develop the maximum 
elastic properties of compact bodies of earth is not known, it is known that an 
excess quantity not only weakens the elastic properties, but continues to do so 
in proportion to the increase in water content, until the yield point due to 
water content is reached. This is the point at which the material changes 
from the elastic to the plastic state as previously discussed. 

Several investigators, including C. C. Williams," M. Am. Soc. C. E., the late 
John H. Griffith,!® M. Am. Soe. C. E., and others, have applied the principles of 
elasticity to the solution of problems in the mechanics of earth solids. 

The application of 
the stress-strain method 
to the study of the 
elastic and plastic prop- 
erties of bodies of a SS arercentade of Water 
given earth is shown in ogee eit 
Fig. 4. Earth utilized 
in these tests had been 
uniformly tamped in a 
cylindrical container of 
adequate diameter and 
depth for loading a 1-sq 
in. circular bearing- 
block. To prevent un- 
due restraint against 
plastic flow, the dis- 
tance between the bear- 
ing-block and the con- Percentage of Water 
fining walls of the cy- PINES 
lindrical container was —- 
spaced several inches. 
The loading was applied 
at a constant rate on 
all bodies tested. 

Curve (1) in Fig. 4 
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Bulk Density, 
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or EartH Compacrep To INDICATED DENSITIES, AND WITH GIVEN 


water content of 11.7 
Morsturge Conrents 


per cent. Its apparent 
elastic limit, as computed by the Johnson method,!* is 164 lb per sq in. It will 


be noted from the several curves shown in the diagram that the stiffness of the 
bodies tested decreased with increasing water content. This is to be expected. 
Although Curve (3) is the densest body of earth tested, its water content causes 


14 “Foundations,” by C. C. Williams, in ‘‘Civil Engineering Handbook,” by L. C. Urquhart, M. Am. 
Soc. C. E. and others, pp. 632-659. 

16 ‘Physical Properties of Earths,” by John H. Griffith, Bulletin 101 (Iowa State College Eng. Experi- 
eae by M. O. With dJ Aston, Fifth Edition, 1935, pp 

16 *# if rials of Construction,” M. O. Withey and James Aston, Fi Edition, }, DP. 
9-10; Ber tiecd Sorsihontiens for Tae Materials fe Methods of Sampling and Testing,” 
adopted by the Am. Assoc. of State Highway Officials, 1935, pp. 291-303. 
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it to show less stiffness than any, except the one having 24.7% of water. It will 
be noted that the stiffest and also the most plastic bodies tested had equal 
densities of 1.55; but the stiffest one contained only 11.7% and the most plastic 
one contained 24.7 per cent. With a water content of the latter amount, no 
elasticity whatever is indicated. This is to be expected since the water con- 
tent in this case is 24.7% and that of the yield point due to water content is 
20.1. A comparison of the water content represented by Curve (3) with that 
at the yield point due to water content, shows a difference of only 0.7 per cent. 
It will also be seen that this curve indicates little, if any, elastic properties. It 
does, however, indicate plastic flow under a limited load. 

Rapid stress-strain tests may be made by means of a sheepsfoot roller 
resting on the spot to be tested. Deformation readings may be made on the 
feet at both ends of the roller at frequent intervals of time by means of a wye- 
level and rod. From the data thus obtained stress-strain data may be com- 
puted. Elastic limits in excess of the weight of the roller may be determined 
by constant increases in the weight of the roller, applied by means of bags of 
earth of known weight. 

The term, “ultimate strength,” is applied to the crushing strength of molded 
and dried specimens only. The maximum utilizable strength of a moist com- 
pact body of earth will be considered as being equivalent to its compressive 
strength at the elastic limit. 

The term, ‘‘elastic limit,’’ may be applied appropriately either to laboratory 
specimens or to full-sized field tests. In either case it is the unit stress below 
which the material would fully recover its form upon removal of the load. It 
may also be defined as the limit of proportionality between stress and strain. 

For use in this paper, the yield point due to pressure will be regarded as 
being coincident with that of the elastic limit. In its 1921 report the Special 
Committee of the Society on the Bearing Value of Soils recognized the analogy 
of the yield point due to pressure in soils to that of the yield point of steel. 

The ‘‘yield point due to water content” is defined as the moisture content 
at which clay or clay-like bodies change from the elastic to the plastic state, 
so that the smallest forces cause permanent deformation. The moisture con- 
tent at this point, as previously stated, is equivalent to Atterberg’s lower plastic 
limit in clays and equivalent to 75% of his lower liquid limit in silts and other 
fine friable materials. J 

In regard to the inter-relationship of mechanical properties, both science 
and experience reveal that the magnitude of energy contained in a body is 
the measure of its capability to resist forces. Although one may not know the 
exact magnitude of a given form of energy possessed by a certain body, well- 
known laws aid in estimating the capacity of these bodies to resist certain 
types and magnitudes of forces. For example, the mechanical energy stored 
in hard or dense materials is known to be greater than that of soft or less 
dense ones. As a further example it may be stated that the hardness of steel, 
as determined by the Brinell method, has a direct relation to the tensile strength, 
and is equal to the product of a coefficient, C, into the hardness number.!7 
pa eS aS ORL ITA MEARE OT OG eile ote Te 


17 Mechanical Engineers’ Handbook, by William Kent, Ninth Edition, Rev., 1916, p. 365. 
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Moreover, if a given material shows considerable tensile strength, one may 
reasonably expect it to be able to offer considerable resistance to shear, com- 
pression, etc. 

Other conditions being equal, dense materials, including clays, clay products, 
concrete, stone, wood, and metals are stronger and harder than their more 
porous respective equivalents. With respect to the strength of earths, Williams 
states: “The supporting capacity of sands, gravels, clays and other earths, 
within the range of each soil type, varies approximately with the weight per 
cubic foot.” He states furthermore that a committee of the Society “from a 
study of the influence of colloidal content of earths upon their behavior under 
pressure, found the strength of loam and clay specimens increased with the 
percentage of colloids contained.”’ 

Gumbo clays, noted for their high liquid limit (water-fusing point), possess 
the highest tensile strength of any known clay. In contrast, kaolins have low 
liquid limits and also are among the weakest of clays. Moreover, the strongest 
metals generally have a high fusing point, a good example of which is tungsten 
wire, the strongest metal known, which has a fusing point of 6152° F. In 
contrast to the strength of tungsten wire, lead is one of the weakest of metals, 
and it also has one of the lowest fusing points of metals. 

The relationship between density and elasticity of earth masses is quite 
marked. Loose masses (low density) under stress manifest no elastic proper- 
ties, but solidified masses (high density) show elastic properties as do other 
solids under stress. Increasing the density of a given body is equivalent to 
increasing its elasticity. 

Considerable experimental data on the inter-relationship of the several 
manifested forms of energy in given bodies have been published by Griffith.'8 
He shows certain relationships between the strength of bricks and rocks and 
their absorption and hardness. In each of the Bulletins mentioned he discusses 
the structural organization of matter and shows the similarity of laws governing 
different forms of energy, including elasticity, plasticity, hardness, density, etc. 
In support of his experiments and hypotheses, he cites the findings of others 
among whom are included A. E. H. Love!® and A. Nadai.?° 

Detailed studies based upon experimental evidence of the relationshid 
between stress and strain in masses of earth of certain density and moisture 
content should reveal a wealth of information to the highway engineer. In 
like manner, the effect of admixtures of sand and clay on the development of 
structural properties of road-beds could also be determined. 


DrEsiIGN oF Roap-BEDS 


Obviously, the design of road-beds should be based on the essential struc- 
tural requirements outlined and discussed in detail in this paper. Information 
obtained from large transportation companies, tire manufacturers, and pro- 
IE ong taal Se SUES CSA SE Dat DR EE EDR E Ce 


18 ‘‘Dynamics of Earth and Other Macroscopie Matter,” by John H. Griffith, Bulletin No. 117, lowa 
Eng. PD escreneit Station, 1934; also, ‘‘Physical Properties of Typical American Rocks,” Bulletin No. 131, 
Iowa Eng. Experiment Station, 1937. = 

19 “Treatise on the Mathematical Theory of Elasticity,” by A. E. H. Love, Second Edition, p. 1. 

20‘‘The Phenomena of Slip in Plastic Materials,” by A. Nadai, Proceedings, A.S.T.M. (1931), Pt. 2, 
pp. 11-26; Also “Plasticity,”’ by A. Nadai, McGraw-Hill Book Co., New York, 1931. 
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ducers of heavy equipment show that the pressures in balloon tires now rarely 
exceed 75 Ib per sq in., with a tendency toward much lower pressures. In- 
flation pressures of tires do not now exceed 100 lb per sq in. Therefore, it 
seems safe to assume a maximum wheel pressure on the road to be 100 lb per 
sq in. Due to the limited use of solid rubber tires, these tires are not to be 
considered. 

Factor of Safety Against Pressure —To avoid the possibility of over-stressing 
the road-bed, the application of a factor of safety seems essential. Following 
the usual custom, it would seem that the minimum factor of safety recom- 
mended should be not less than 2. Based upon the maximum tire pressure of 
100 lb per sq in. and a factor of safety of 2, the road-bed should be designed for 
pressures not less than 200 lb per sq in. 

Elastic Limit Required—To meet the load requirement, obviously the 
material of which the road-bed is to be made must be capable of being formed 
into a solid having an elastic limit not less than that required for the given 
load and safety factor against pressure, or not less than 200 lb per sq in. 

Stiffness Required—Obviously, the stiffness of a road-bed should be 
developed adequately to resist the load for which it is designed; but before any 
numerical value of stiffness can be set up as a standard, considerable field and 
laboratory data must be obtained. Moreover, until a satisfactory standard of 
stiffness can be established the designing engineer should make every effort 
possible to develop much needed data on this feature of road-bed design. 

Development of Hardness, Elasticity, and Stiffness—The properties of 
hardness, elasticity, and stiffness may be developed in wet coherent material 
in either of two ways. A reduction of water content will develop these proper- 
ties to some extent, provided the pore space is not too voluminous; but since 
the capacity for holding water is predicated on the available pore space, these 
properties of strength may best be developed by increasing the density of the 
road-bed under controlled moisture conditions. 

If the road-bed is too wet to be compacted, its density may be increased by 
the well-known method of adding dry sand, gravel, or other hard rock fragments 
and pounding the added material into the wet spongy mass. By this process, 
densities of 2.20 or more may be developed in a layer of desired thickness. 
Obviously, the greater the thickness and density of the layer thus built, the 
greater will be its resistance to mechanical forces. Sand, fine gravel, or fine 
crushed stone is to be preferred since fine pores offer greater resistance to the 
passage of wet clay than coarse ones. Aggregates graded in sizes from that of 
silt to that of gravel are essential in the rapid choking of the pores. Moreover 
the aggregate must be cemented into a solid mass by means of clay or otha 
adhesives. ; : 

Where a thin layer is sufficient, the work may be accomplished by the use 
of a tamping roller applied to thin layers of aggregate. Where rigid and dense 
layers of considerable thickness are to be placed across swamps, the use of a 
heavy rammer of the pile-driver type is essential for constructing the lower 
part of the densely constructed stratum. 
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Factor of Safety Against Water Absorption.—This factor of safety must be 
determined by actual test prior to the work of designing. From actual com- 
paction tests, determine a density which gives an actual water capacity, less 
than the quantity of water required to produce the yield point due to con- 
tained water. Then, from these data, 


in which Sw =the factor of safety against water absorption; sy,» = the 
yield point stress due to water content; and P, = the actual water capacity 
of pores, expressed in terms of percentage by weight. The true criterion for 
determining what density is essential for a road-bed is the relationship between 
actual water capacity and the yield point due to contained water. This rela- 
tionship seems to be expressed best in the form of the “factor of safety against 
water absorption.” It is this relationship which controls the water softening 
of the road-bed. That compacted bodies of earth offer a greater resistance to 
water softening than bodies of loose earth was probably first discovered by 
prehistoric Man as he walked along a path loosened here and there by some 
burrowing animal just before a rain; but since the writer is not aware of an 
existing method for determining the critical point of softening and then guarding 
against its occurrence, he has been forced to apply the method now termed, 
‘factor of safety against water absorption.” 

Many bituminous mat-road surfaces which had failed due to the apparent 
weakness of the road-bed have been examined. Of these failures, no case is 
recalled in which the bulk density of the road-bed was in excess of 1.50. Based 
on this value of bulk density and on an absolute density of 2.65, the pore space 
is found to be 43.4% and the theoretical water capacity, therefore, is 28.9 
per cent. A pore space of this magnitude will probably have an actual water 
capacity almost as great as its theoretical capacity. Since the yield point due 
to water absorption in many clays is less than 28.9%, the reason for the occur- 
rence of many failures in road-beds having a density less than 1.50 becomes 
evident. 

As a basis for further study and research, the writer offers the following 
limiting values for use in designing road-beds: 


(a) Do not allow the pore space in the road-bed at all depths greater than 
2 ft below subgrade, to exceed 40% of the volume; 

(b) Reduce the pore space in the upper 2 ft of the road-bed so that its 
theoretical water capacity shall be not greater than 70% of the lower plastic 
limit of the earth used in forming the road-bed. 


Materials Balance Factor —As previously stated, this factor is based upon " 
the ratio of density of mass in a fill to that ina cut. The results to be expected 
from the use of this factor depend entirely upon the precision of the original 
weighted density values obtained and also upon the precision with which the 
compacting specifications are executed. 

Road-Bed Protection—Experience teaches that thoroughly compacted 
deposits of earth do not change in volume unless acted upon by outside forces. 
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Bench-marks set below the frost line in wet earth or even on tree roots have 
been found to remain stable unless they come within range of landslides or 
destructive earthquakes. Even deposits of clay subjected to enormous 


pressures through long ages do not bulge when the pressures are removed by 


the excavation of the overlying deposits. Moreover, there is no such thing as 
a “natural density” for any given material, regardless of its environment. 
For example, a given type of clay should be expected to have densities propor- 
tional to its compacting environment—that is, they should be low in arable 
fields, higher in old pastures, and still higher in well-trodden paths, or in 
barnyards. 

The agency most destructive to compacted road-beds is weather. It 
matters not how well a road-bed may be compacted, if it is left exposed to 
weather, the exposed part should be expected to become less dense. Therefore, 
the greater the number and magnitude of weather changes, the greater the 
change to be expected in the original density. 

To prevent the weather from producing marked changes in road-beds, 
they must be shielded against its influence. Ground-water must be inter- 
cepted and surface water must be diverted from the entire road-bed, including 
the shoulders. A pavement or bituminous surface alone is not sufficient pro- 
tection against the weather. Pavement cracks generally develop and joints 
are seldom water-tight. For this reason provision should be made to prevent 
excessive moisture changes near the subgrade and in the shoulders. Some 
form of effective stabilization seems to be the only method of preventing road- 
bed softening and plastic flow in the region of the subgrade which leads to 
pavement sag, rupture, and faulting. 


CONSTRUCTION METHODS AND HQUIPMENT 


Organized Personnel—Before any grading work is to be started, the resident 
engineer should organize the inspection service and make certain that every- 
thing is ready for construction operations. All data that have been collected 
must be compiled on the plans and shown as part of the road-bed design. The 
moisture conditions of the material to be excavated must be ascertained im- 
mediately before construction work is to be started. 

Systematic Inspection.—The system of inspection must be planned so that 
an inspector is constantly on duty while road-bed construction is in progress. 
The minimum number of tests allowable should be specified. Results of tests 
should be recorded by station and elevation. 

Testing Equipment.—Field-testing equipment should be portable in type 
and located conveniently near the center of construction activity. 

Control of Materials and Methods of Construction.—The essential qualifica- 
tions for the proper execution of this work are: (a) Thorough knowledge of the 
inherent structural properties of the road-bed materials to be found; (b) 
methods by which these materials may best be utilized in the construction of 
the road-bed; and (c) essential diplomacy and firmness of purpose in dealing 
with the Soniean ae 

The inspectors should be competent to advise with the contractor in all 
details of the work. They should aid in planning the work so that construction 
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operations may be made to fit the weather with the least delay, but under no 
circumstance should they allow weather conditions to lower the quality of the 
work. Basin-like areas must not be permitted—either in excavation or in 
embankment—at any time. These areas may collect water and hinder the 
work. All embankments should be completely compacted and finished with 
a smooth surface before closing the work at any time. 


CoNncLuUsIONS 
Five pertinent conclusions are supported by the foregoing text: 


(1) The structural properties of earth masses are enhanced by increasing 
their density; 

(2) The resistance offered by earth masses to the penetration of water 
increases with increasing density; 

(3) The porosity of earth masses can generally be decreased to a certain 
value by means of a roller; but the porosity of granular masses such as gravel, 
sand, and silt, can be reduced best by the use of suitable admixtures followed 
by heavy rolling; 

(4) A satisfactory standard of compaction is that based on a suitable 
factor of safety against water absorption; and 

(5) Surface protection against the ravages of weather on clay-like matter 
is essential, regardless of the degree of compaction. 
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THE DESIGN OF ROCK-FILL DAMS 


Discussion 


By Messrs. L. R. EAST, AND FRANCISCO GOMEZ-PEREZ 
AND MIGUEL JINICH 


L. R. East,” M. Am. Soc. C. E. (by letter).“*—Owing to his association 
with an inquiry into the causes of the partial failure of a large rock-fill dam at 
Eildon Reservoir, Victoria, Australia, in 1929, the writer has found this paper 
of particular interest. This dam comprised a rock-fill embankment extending 
for a distance of 2 525 ft across a comparatively wide valley to a mass concrete 
spillway of the side-spillway type providing for overflow along a weir section, 
682 ft long. 

In the river section abutting the concrete spillway, the embankment is ap- 
proximately 140 ft high, and the rock-fill is founded on bed-rock which is 
composed of fairly hard metamorphic rock with sandstones and slates dipping 
almost vertically and with strike diagonally across the line of the dam. Across 
the river flats, the rock-fill was placed directly upon the natural surface, with 
from 22 to 24 ft of clay and gravel wash and about 2 ft of sand overlying the 
bed-rock. On this side of the valley the rock available for fill was shales and 
mudstones of a less durable character, with bands of slate. 

For water-tightness a central vertical core-wall of reinforced concrete was 
provided, with a clay wall on the up-stream side to assist in staunching any 
possible leakage through the concrete. This wall varied in thickness from 6 ft at 
bed-rock (into which it was keyed to a depth of 5 ft) to 2 ft at crest level. The 
clay wall, of very stiff puddle trafficked with horses and drays during construc- 
tion, averaged about 30 ft in thickness at the natural surface. 

The rock-fill was quarried on both ends of the dam, loaded by hand on trucks 
(the stone being broken to ‘‘one-man”’ size) and side-tipped into position. The 


Notr.—The paper by J. D. Galloway, M. Am. Soc. C. H., was published in October, 
1937, Proceedings. Discussion on this paper has appeared in Proceedings, as follows : 
December, 1937, by Messrs. Cecil E. Pearce, and H. B. Muckleston; January, 1988, by 
Harold K. Fox, M. Am. Soc. C. E.; February, 1938, by Messrs. Charles H. Paul, and A. 
Floris; March, 1938, by Messrs. Howard F. Peckworth, Oren Reed, Walter L. Huber, 
Samuel B. Morris, and L. F. Harza; April, 1938, by Messrs. Paul Baumann, O. W. Peter- 
son, and George W. Howson; May, 1938, by Messrs. John WH. Field, John H. Wilson, 
Frederick H. Fowler, I. C. Steele and Walter Dreyer, and F. Knapp; and June, 19388, by 
Messrs. Ralph J. Reed, F. J. Sanger, and C. S. Jarvis. 

42Chairman, State Rivers and Water Supply Comm., Melbourne, Victoria, Australia. 


42a Received by the Secretary April 12, 1938. 
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stone from the river quarry was comparatively hard and durable, but that from 
the other quarry was soft, easily crushed, and weathered rapidly. 

Owing to financial difficulties, construction was slow, and the embankment 
was not brought to its designed height until practically twelve years after the 
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commencement of the fill. Atno time, however, did construction actually cease. 
There was time, therefore, for considerable settlement and consolidation during 
this period, particularly as water was stored to as high a level as possible during 


construction. 


Fig. 26 shows the plan and typical cross-sections of embankment and spill- 


way as designed, the basic data being as follows: 


Description Quantity 

Height of bank above river bed, in feet........... 140 

Height of spillway above river bed, in feet........ 123 

Length of core-wall, in feet. ...-......4.+. ea. Jeu aU 
Length of spillway crest, in feet................0: 682 
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Description Quantity 
Storage capacity, in acre-feeto i... ccc les ee 306 400 
mreassubmereed, in Reress .. 5. oi. s.2.0'.:-.+... 8.000 
Length of waterway, in miles: 

ete ORE NVO? +4) dea ate. oe ak ws 11.5 
GComlburm Raver Oped ooo iene 10.5 

AERA PS NE REN eR 22 

Length of water frontage, in miles............... 70 


Fig. 27 shows a typical cross-section of the embankment as completed in 1927 
when the reservoir was filled to its full capacity of 306 000 acre-ft for the first 
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Fie. 27.—TypicaL Cross-SecTION oF EMBANKMENT, HEILDON RESHRVOIR, 
AS COMPLETED IN 1927 


time in August of that year. It was not drawn down very far the next year 
and in the spring of 1928 it was again filled to capacity, the water flowing over 
the spillway to a depth of 4 ft 2in.in October. The irrigation season then re- 
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sulted in a heavy demand on the storage and in four months, to April 1929, the 
reservoir was drawn down to the extent of 50 ft. 

At that stage, without warning, the rock-fill on the up-stream side of the 
core-wall subsided suddenly and the concrete core-wall itself was exposed over a 
length of about 1 200 ft to a maximum depth of 26 ft (see Fig. 28). The greatest 
subsidence occurred against the core-wall itself which was deeply scored or 
scratched by the rock-fill sliding against it. The exposed top of the core-wall 
showed deflections of as much as 4 ft 8 in. in lengths of 400 ft and 800 ft originally 
constructed as straight lines. 
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Fig. 29.—D1aGRAM SHOWING LATHRAL DEFLECTION OF CORE-WALL, EILDON RESERVOIR 


Fig. 29 shows the line of the core-wall as constructed, its position in Sep- 
tember, 1929, after the subsidence, and its position in 1933, since when move- 
ment has been very slight—the movement during the 5 yr since 1933 being less 
than 2 in. at the point of maximum deflection. Fig. 30 shows a typical cross- 
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section of the embankment after the subsidence, the position of the clay wall 
having been determined by borings which enabled it to be located within a few 
inches. Samples showed the clay to be in excellent condition and to have the 
consistency of very stiff putty into which a pencil could be forced by hand only 
with difficulty. The moisture content was about 23 per cent. 

There appeared to have been little or no movement of the foundation clays 
and gravels upon which the rock-fill had been built. The exposed core-wall 
showed several vertical cracks, notably at the junction with the massive wing- 
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wall at the river end, and later investigation showed it to have fractured hori- 
zontally for some distance along its junction with the rock foundation. There 
was, however, practically no leakage through the horizontal crack and very little 
through the vertical cracks which were fairly easily staunched. 

The Eildon Weir Inquiry Board was appointed by the Governor in Council 
on May 24, 1929, to report on the failure. After careful investigation the 
Board concluded that the subsidence had arisen directly as a result of the action 
of the clay wall; that the clay had acted as a stiff fluid and pushed the rock-fill 
out into the water; and, at the same time, had exerted great pressure down 
stream causing the concrete core-wall to deflect. Although there was little 
leakage through the concrete core-wall, the clay underlying the down-stream 
rock-fill was very wet, and as the rock-fill was much lighter than an earth bank 
(being only 90 lb per cu ft) there was considerable apprehension as to the risk of 
the entire structure failing by sliding of the down-stream part of the bank. 
The remedies suggested by the Board were:® 


“(a) To restore the subsidence of rock-fill on the up-stream side by 
deposition of more loose rocky material to provide for greater weight and 
stability. 

““(6) To provide drainage under the base of the down-stream side of the 
embankment, including a tunnel to carry off such water as may pass through 
the core-wall, and to add a large quantity of rock-fill to this part of the embank- 
ment for the purpose of increasing its supporting power. 

““(c) To repair all cracks of importance in the concrete core-wall and to 
provide, where necessary, staunching material on its up-stream side in place of 
the clay formerly in position for that purpose.” 


The Board also made recommendations in regard to outlet works and spill- 
way, but the writer proposes to confine his discussion to the rock-filldam. Fig. 
31 shows the additional rock-fill proposed by the Board. 
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Fic. 31.—TypicaL Cross-Section SHOWING ADDITIONAL ROCK-FILL PROPOSED BY BoarD, 
HILDON RESERVOIR 


All the remedial measures proposed by the Board have been completed at 
a cost of £A380000 (Australian pounds = $1 500 000), approximately 
£A206 000 ($825 000) was for the placement of additional rock-fill, and 
£A36 000 ($144 000) for the drainage of the foundation under the down-stream 


43 Rept. of the Hildon Weir Inquiry Board, 1929, p. 15, Govt. Printer, Melbourne, 
Rites Adstralia. (This report may be examined at Engineering Societies Library, 33 
West 39th Street, New York, N. Y.) 
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section of the embankment. The remainder of the expenditure was on outlet 
works and spillway. 

Regular observations have been made to detect bank movements or de- 
flections of the core-wall, as well as of outflow from the drainage system ; and 
there has been little movement since the completion of the remedial works in 
1933. Fig. 32 shows the dam after the completion of the remedial works. 


Fic. 32.—Virw or Erinpon Reservoir AFTER REMEDIAL WoRKS HaD BEEN COMPLETED, 
FEBRUARY, 1936 


It might be mentioned that the total leakage through the entire structure 
(in which there is an area of 280 000 sq ft of core-wall) does not exceed 50 gal 
per min, three-fourths of which comes from one definitely located small fracture 
at the junction of the core-wall and the outlet tunnel. 

The writer is in complete agreement with the principles of design indicated 
by the author, departure from which was undoubtedly responsible for the failure 
at Eildon. The dam was not founded on rock, much of the material of the fill 
was unsuitable in that it was likely to crush and disintegrate, and the up-stream 
half of the embankment was made a liability instead of an asset by placing the 
impervious element in the center of the dam. Experience at Eildon shows that 
the use of a thick blanket of puddled clay, loaded with rock to protect, and-con- 
fine it, might have serious consequences unless steps are taken to provide for 
the enormous pressures exerted by clay in the mass. 

A rock-filled dam very similar in design to that at Eildon was constructed at 
Melton, Victoria, on the Werribee River, in 1916, and has given very little 
trouble. Theembankment of this dam, however, was constructed of harder and 


: 
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more durable stone (basalt from the spillway excavation) and was founded on a 
rock foundation in a comparatively narrow gorge, so that the resistance against 
sliding of the up-stream part of the rock-fill embankment would be much greater 
than in the case at Eildon Reservoir. 

A comprehensive description of the failure at Eildon and of the remedial 
measures to the embankment, spillway, and outlet works, has been published 
by Mr. R. G. Knight.“ 


Francisco Gomunz-PrreEz,’® Assoc. M. Am. Soc. C. E., AND MiguBL 
Jintcu,*® Esq. (by letter).““*—The very complete paper presented by Mr. 
Galloway on the design of rock-fill dams is based on the historical development 
of this type of structure. Limiting the scope of the historical summary he 
presents details of the construction of various dams of the rock-fill type that 
have been built during the last half century, mainly in the western part of the 
United States. 

Any type of structure must necessarily be adapted to the conditions prevail- 
ing in the region where it is to be built and the rock-fill type of dam is no 

exception to the rule. Conditions in Mexico make low-cost labor available 
and, at the same time, make equipment that is generally imported a high-cost 
item of the construction project. These two conditions combined have 
influenced the development of the rock-fill type of dam in Mexico. In general, 
the trend has been toward using smaller rocks than would have been the case 
if mechanical equipment could have been used to a greater extent. 

As a result of the use of smaller rocks that necessarily have a larger percent- 
age of voids, other parts of the structure have also been affected and, therefore, 
the size of the panels that constitute the up-stream slab has been greatly reduced 
in comparison with the size generally accepted in the United States. Further- 
more, and considering the possibility of seismic disturbances, a laminated type 
of slab has been included in one of the Mexican rock-fill dams completed in 
‘1933. Other elements of current practice in Mexico are presented in this 
discussion. 

General Considerations.—In sites that are far away from roads and railroads, 
for which the transportation of manufactured products, such as cement, steel, 
and timber, is very expensive—as well as those sites where such manufactured 
products are relatively expensive, but where labor is relatively cheap—the 
most economic type of dam is generally that in which the engineer can use to 
maximum advantage the materials found on the site. Such is the case of earth 
and rock-fill dams, and the combination of both. This explains why the rock- 
fill type has been very advantageous for many sites in Mexico. The Mexican 
National Commission of Irrigation has made comparative studies of various 
types of dams for several sites and has adopted the rock-fill type; and it has 


44 ‘The Subsidence of a Rockfill Dam and the Remedial Measures Hmployed at Hildon 
Reservoir, Australia,” by R. G. Knight, Journal, Inst. C. E., March, 19388. 

45 Technical and Administrative Asst. to Chf. of Designing Dept., Mexican National 
Comm. of Irrig., City of Mexico, Mexico. 

46 Chf. Designer, Designing Dept., Mexican National Comm. of Irrig., City of Mexico, 
Mexico. 

46a Received by the Secretary May 23, 1938. 
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been built successfully both from the economic and from the technical point 
of view. 

The following rock-fill dams have been completed in Mexico: Charcas Dam, 
49 ft high, in the State of Guanajuato in 1933; Taxhimay, 137 ft high, and 
Madero, 153 ft high, both in the State of Hidalgo (the former in 1934 and the 
latter in 1938); San Ildefonso Dam, 189 ft high, in the State of Querétaro, 
designed in 1937 (under construction in 1938); and the Tepuxtepec Dam, 
126.5 ft high, in the State of Michoacan, in 1934. 

Foundation Requirements——There is no doubt that sound, durable rock is 
the ideal material for the foundation of a rock-fill dam, as for any other types; 
but, in certain cases, it is necessary to use this type at sites where the rock may 
not be so sound. In the latter case, the site should fulfill the following 
requisites: 


(1) Even when saturated, the material on which the dam is to be founded 
must be capable of resisting all the load transmitted to it both by the fill and 
by the hydrostatic pressure when the dam is filled, without any appreciable 
settlement. The saturated condition must be considered even if it is assumed 
that all precautions must be taken to prevent filtration, by means of cut-off 
walls and an up-stream slab. 

(2) The material must resist chemical solution and all tendencies to become 
eroded. 


The Charcas Dam had been designed as a gravity structure, but for eco- 
nomic reasons (and mainly due to the character of the foundation rock) it was 
decided to change the design to a rock fill. The rock was a rhyolite in an ad- 
vanced state of disintegration that did not furnish the necessary support for a 
gravity dam; but it complied with the aforementioned requirements for a 
rock-fill dam. 

The Taxhimay Dam (shown in Fig. 33) was a small rock-fill structure that 
had been built in 1918. When it was taken over by the Commission, in 1927, 
to be used as a reservoir for one of its irrigation districts the engineers decided 
to enlarge its capacity by increasing the height of the structure, and it became 
necessary to study the problem relative to including the old structure within 
the section of the new one. The old dam was 61 ft high, had been built ori- 
ginally without the necessary precautions for cleaning the river bed perfectly, 
and the material that had slid down the side-hills had not been completely 
removed before the original dam was built. The old dam consisted of a loose 
rock-fill with a down-stream slope of 1 on 1, and up-stream slope of 1 on 2. 
The impermeable part consisted of a cement-bound masonry zone 6.5 ft thick 
at the bottom and 1.33 ft thick at the crown, and resting directly on the loose 
rock-fill. The defects of the original design, together with the foundation 
defects, caused severe settlements that almost made the structure fail. 

In designing the new dam, for the purpose of raising the water surface 
elevation to a new height of 134 ft it was necessary to remove all the silt and 
loose materials and to deposit the new fill on the sound solid rock. This struc- 
ture includes the old loose rock-fill dam and has been finished and in service 
since 1934 with very satisfactory results. 


a 
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At the site of the Madero Dam, in the State of Hidalgo, the rock is also 
sound. It has been classified as a very resistant rhyolitic tuff in the river bed 
but the resistance gradually diminishes as the elevation increases. When the 
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preliminary design was being prepared, it had been decided to use an arch 
dam, but on account of the poor resistance of the rock at the higher elevations 
in the site it was decided to build a rock-fill dam. 

The Material—Almost always the material for the construction of rock-fill 
dams comes from near-by quarries. It may be of volcanic origin, it may be 
granitic, or it may be either sandstone, or limestone, but the main requirement 
is that it be sound. 

The size of the rock used varies from about 4 in. to the largest size that is 
feasible to move with the equipment available. It is always better to use rocks 
of the largest dimensions possible, and to limit the volume of small fragments 
such as quarry spalls, to a quantity that partly fills the voids and is not so large 
as to prevent easy drainage through the rock mass, nor to favor local con- 
centrations of the material which, because of the larger percentage of voids, 
may cause important settlements. 

It is evident that water-jets make it possible to use a larger proportion of 
this quarry-run material, depending on the methods of placing the loose rock- 
fill. It is also evident that water causes the material to be slushed into the 
voids between large rocks, without endangering the easy drainage of the mass. 
It may be possible even to distribute the large rocks better by the use of 
water-jets. 

Cross-Section—The down-stream slope adopted in the dams built by the 
Commission has been 1 on 1.4, slightly steeper than the natural average slope 
for the loose rock-fills. Of course, this slope may vary within limits depending 
on the size of the rock used and mainly on the degree of arrangements obtained 
for the rock-fill. 
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In the aforementioned dams, in view of the low cost of labor, and in order 
to give them a better appearance, a “finish” layer has been built on the down- 
stream slope. In the Charcas Dam it consists of the formation of steps, and, 
in the others, in leaving a more or less smooth rubble masonry surface. This 
finish improves the appearance of the dam greatly at a relatively low cost. 

The main function of the hand-placed rock-fill zone is to serve as a semi- 
rigid transition section between the outermost layer and the loose rock zone, 
as the latter is subject to uneven settlement. It gives the outer layer a smooth - 
surface that corrects the irregularities of the loose rock-fill. It also stabilizes 
the slopes by using them as retaining walls to hold back the loose rock-fill 
making it possible to use such steep slopes as 1 on 0.75. Such an arrangement 
(which is recommended by several authorities) seems to offer some economy, 
but in Mexico this has not been the case on account of the limitations of the 
equipment generally available for moving rocks of large dimensions. 

The original design of Charcas Dam included an up-stream slope of 1 on 
0.75 with a zone of hand-placed rock. This zone varied in thickness from 61 
ft at the base to 6 ft at the top. After construction had begun it was realized 
that it was not economical to build the zone of hand-placed rock-fill, which 
was almost a dry masonry, with 20 to 25% voids. An economic comparative 
study was made to determine the actual cost of a zone of hand-placed rock-fill, 
fulfilling all the aforementioned specifications, and the cost of making the slope 
less steep, adopting a ratio of 1 on 1.25. This was the average natural slope 
for a rock-fill that would not require perfect work to make it act as a retaining 
wall.’ It needed much less thickness, therefore, thus becoming reduced to a 
nearly superficial layer placed on the slope only for the purpose of supporting 
the slab. 

The dam was built with this slope (1 on 1.25) without any particular atten- 
tion being paid to the hand-placed rock zone, thus making it possible to obtain 
additional economy in the pouring of the concrete, because it was placed without 
the use of forms, and by using a concrete with s slump of 0.5 in. to 1 in. 

The difficulties that were met in the construction of the hand-placed rock- 
fill zone at the Charcas Dam were attributed to the lack of equipment and it 
was on that account that Taxhimay Dam was built with an up-stream slope 
of 1 on 0.75 as designed, with a thick mass of hand-placed rock-fill (in which 
large rocks were used) but with a small percentage of voids. The construction 
of this type was considered economical because of the possibility of using steam- 
shovels, derricks, and railroad spurs that were available for its construction. 
However, it was also difficult to use this design since its cost threatened to be 
very great if it was to be built in accordance with all the required specifications; 
and, furthermore, it also required unusually high-class and permanent inspec- 
tion. As a result of the foregoing experience the up-stream slope for the 
Madero Dam was made 1 on 1.2. 

For the San Ildefonso Dam the slope adopted was 1 on 1.4 both up stream 
and down stream. When construction was begun it was foreseen that a large 
portion of the material available in the quarries would be wasted, because it 
consisted of alternate layers of sound basalt and very finely crushed basaltic 
breccia. This condition dictated a change in the design (see Fig. 34) and it 
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was decided to build the dam with a central zone to include the material that 
otherwise would have been wasted; the specifications required that this material 
be perfectly wetted and rolled, which seems to be in accordance with the ten- 
dency shown in the latest rock-fill dams built in the United States, such as 
Salt Spring and San Gabriel No. 2, both in California. 
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An exception to the aforementioned examples of slope is found in Tepuxtepec 
Dam, with slopes of 1 on 0.7 up stream and 1 on 0.8 down stream. This entire 
dam is practically a dry massonry structure with a percentage of voids varying 
between 20 and 30. It was built by the Southwest Mexico Power Company, 
and required masonry labor as skilled as would have been required if it had 
been built as an ordinary masonry structure. Large rocks transported by 
cableway were used, each individual piece being hand-placed; and all the voids 
were filled with spalls. 

The cost was greater than would have been the case if the dam had been 
built with flatter slopes and with most of the rock dumped in place (except 
a thin zone of hand-placed rock to support the up-stream slab). The type was 
adopted because of the danger of earth shock in that region. It must be stated 
that the results obtained at the Tepuxtepec Dam have been splendid, and that 
no settlement has been observed. 

Water-Proof Element—Modern practice requires the construction of a 
‘water-proof element for rock-fill dams that consists of a rather thin concrete 
slab placed on the up-stream slope. In some rock-fill dams, a steel plate has 
been used instead of the concrete slab, but this has been the exception. 

There is no doubt that the most important problem encountered in the 
design of the impermeable slab is to make it as water-proof as possible, and, at 
the same time, sufficiently flexible to follow the unavoidable settlements that 
occur in this type of dam, without excessive cracking. Just as difficult of 
solution are the problems relative to the joint at the place where the flexible 
slab connects with the rigid cut-off walls. It is also important to foresee 
the changes in length to which the slab may be subject due to changes in 
temperatures. 

The type of slab built in sections, separated by elastic joints, seems to be 
the most satisfactory solution, and it is the one that has been adopted by the 
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Mexican National Commission of Irrigation. The up-stream element of the 
Taxhimay Dam consists of panels about 15 ft wide by 24 ft to 32 ft long, mea- 
sured on the slope and connected by copper-plate contraction joints. The steel 
reinforcement placed on the center of the slab does not cross the vertical joints, 
but it does cross the horizontal joints in order to act as articulating units in the 
respective columns or strips in which the slab as a whole is divided (see Fig. 35). 
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Fic. 35.—TypicaAL SEcTIONS OF PANEL FaciInGs, TAXHIMAY DAM 


Whereas the tendency in the United States seems to be to divide the up- 
stream slab into rather large panels (about 50 ft or 60 ft square), the Mexican 
National Commission of Irrigation has adopted much smaller panels, even 
smaller than the ones used at Taxhimay, in order to make them more flexible, 
at the same time keeping them within economic limits. 

At Madero Dam the panels were built 13 ft wide and 16 ft long and at 
San Ildefonso Dam they were made 10.5 ft by 17.5ft. For these two structures 
neither the horizontal nor the vertical reinforcement crosses the copper-plate 
elastic joints. The size of the panels was determined by selecting the size of 
the pre-fabricated forms that would be simplest to build and move around on 
the slope. 

As an exception to this rule Charcas Dam may be cited, in which, because 
the structure was low and long, and was built by a method that guaranteed a 
minimum of settlement, the slab was placed in alternate strips about 15 ft wide, 
leaving only construction joints through which the reinforcing steel placed in 
the central part of the slab was extended. The dam was inspected about two 
years after it was built, and it was observed that the joints had opened slightly, 
forming very fine cracks which, however, do not endanger the stability of the 
dam. 

To make the up-stream slab even more flexible, in some dams it has been 
built in the form of thin slabs or layers of concrete placed one on top of the 
other so that the joints are staggered. The most interesting example of this 
type in Mexico is the Tepuxtepec Dam, in which two layers were used, each 
being 14 in. thick at the base and 10 in. thick at the top. The slabs were built 
in 50-ft strips, continuous from the river bed to the crown, and the joints be- 


tween strips on the upper layer were provided with a copper, water-tight seal 
(see Fig. 36). 
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An improvement in this laminated type was also used at the Cogoti Dam in 
Chile. It is believed that the idea is fundamentally sound ; but the cost is 
rather high and it is justified, therefore, only in special cases where important 
settlements are expected or where there is a possibility of earth movements, such 
as is the case at Tepuxtepec Dam, in Mexico, or at Cogoti Dam, in Chile. 
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Thickness and Reinforcement of the Up-Stream Slabs —The up-stream slabs 
in the dams built by the National Commission of Irrigation (see Fig. 37) are 
designed with a thickness of 8 in. at the top, with a batter of $ in. for every 40 
in, measured downward along the up-stream slope. The reinforcement is 
designed for temperature variations and consists, in general, of a centrally 
located grid of rods placed in the center of the slab. 
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The slab is placed directly over the facing of the hand-placed rock-fill, taking 
care, however, to fill all the apparent hollow spaces with spalls so as to obtain a 
nearly smooth surface as a bed for the concrete face, thus preventing the 
mortar from seeping into the voids. The slab is attached to the rock-fill by 
means of 6-in. dowels, 3 ft to 4 ft long, one end of which is hooked. The hook 
is embedded in a concrete block; that is, it is left within the hand-placed rock- 
fill zone; the other end projects from the facing, and is also made into a hook 
that is left within the slab and tied to the steel reinforcement. These hooks 
are also used to hold the forms in case they are used for pouring the slab. 
Furthermore, in order to give the slabs a better support, steps or berms about 
15 in. to 18 in. wide are left on the facing. Those steps are very convenient 
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for the use of workmen and help to build the slab in such a way that its upper 
part fills the step as shown in Fig. 37. 

Bottom Joint—To design the joint at the connection of the flexible slab 
with the rigid cut-off wall is another problem that requires careful consideration. 
At Madero Dam, the joint was made flexible by means of two copper sheets and 
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a layer of asbestos felt (see Fig. 38(a)). This same type of joint (see Fig. 38(b)) 
has been specified for the San Ildefonso Dam. 

Placing Rock-Fill—The more or less horizontal layers of a rock-fill are 
constructed by dumping the material. The height of such layers has varied 
between 6 ft and 12 ft (as in the case in Charcas Dam) to between 18 ft and 
24 ft in the more important structures, such as Taxhimay and Madero. It is 
believed that the use of thinner layers tends to create a more uniform distribu- 
tion of the rock; and, furthermore, by placing some of the rocks by hand, 
settlement is reduced quite considerably because the individual particles have 
a more uniform bearing pressure, one on the other. Deep layers require a 
more careful classification of material, a condition that is undesirable, because 
the large rocks roll downward, whereas the smaller ones remain on top. The 
use of water-jets makes deeper layers possible and tends to produce a better 
arrangement and a more compact rock mass. 

The results obtained by the Mexican National Commission of Irrigation in 
building dams in rather thin layers and with a slight arrangement of the rock 
through the entire section, have been very satisfactory. 

Conclusion.—The purpose of this discussion has been to present additional 
information that might not be easily obtainable and that is of interest to 
engineers connected with the design and construction of rock-fill dams, mainly 
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with the intention of showing how economic conditions influence both the de- 
sign and the methods of construction. 

In accordance with Mr. Galloway’s desire that discussion be directed to 
matters of design, special reference has been made to the use of small rock 
fragments and also to the use of small concrete panels hung on narrow berms 
in the water-proofing element ; the writers are in agreement with other con- 
clusions of Mr. Galloway’s paper. 
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MULTIPLE-STAGE SEWAGE 
SLUDGE DIGESTION 


Discussion 
By C. E. KEEFER, M. Am. Soc. C. E. 


C. E. Keerer,” M. Am. Soc. C. E. (by letter).2“—A group of interesting 
experiments is reported in this paper, which should stimulate further investiga- 
tions of the separate digestion of sludge. It would appear that the type of 
tanks used, which permitted the segregation of the solids into scum and settled 
material with facilities for seeding the raw sludge and digesting the material 
in several stages, was partly responsible for the unusually rapid digestion 
obtained. It is hoped that further experiments will be conducted with a similar 
type of tank in some other locality in order to compare and check the results. 

A study was made of the heat added to the digestion tank for a period 
somewhat less than a month. The authors calculated that the heat added to 
the sludge was 13 900 000 Btu per day, and that the heat required for radiation 
and endothermic requirements was 1200000 Btu daily. Based on some 
laboratory experiments conducted by Herman Kratz, Jr. and the writer,‘ 
the authors calculate that the endothermic requirements alone would be 
3 690 000 Btu, a quantity three times as great as the heat available for this 
purpose. They also state that the fall in temperature of the sludge from the 
second to the fourth tank was less than 0.5° F, whereas it should have been 
2.3° F if the findings of Mr. Kratz and the writer were correct. 

It is unfortunate that the authors have not given more of the data upon 
which their calculations are based. It would be interesting to know how the 
temperature in the tanks was obtained, how many thermometers were used in 
each tank, and the location of each of them. What type of thermometer was 
used? and to what degree of accuracy could they be read? The statement that 


Notr.—The paper by A. M. Rawn, M. Am. Soc. C. E., A. Perry Banta, Assoc, M. Am. 
Soc. C, H., and Richard Pomeroy, Esq., was presented at the meeting of the Sanitary Engi- 
neering Division, New York, N. Y., January 16, 1936, and published in November, 1937, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: January, 
1938, by Edward W. Moore, Wsq.; and March, 1938, by Messrs. Willem Rudolfs and H. 
Heukelekian, and Hermann Bach. 

Prin. Asst. Engr., Bureau of Sewers, Baltimore, Md. 

2a Received by the Secretary April 8, 1938. 


‘“The Interchange of Heat During Sludge Digestion,” by Messrs. C. BE. Keefer and 
Herman Kratz, Jr., Sewage Works Journal, Vol. 5 (1933), p. 3. 
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the difference between the average temperatures of the second and the fourth 
tanks was less than 0.5°.F would, in general, seem to be open to considerable 
question. It is doubtful whether the average temperature of the sludge in a 
digestion tank of any appreciable size can be obtained within 2° to 4° F as 
there is usually a considerable difference of temperature in various parts of 
the tank. Sludge in the zone immediately adjacent to heating coils will often 
be from 40° to 60° F hotter than the incoming cold sludge. Sludge near the 
walls and the bottom of a tank far removed from heating coils will be cooler 
than the sludge near the coils. To obtain accurate results a large number of 
thermometers would be required. The complexity of the problem can be 
appreciated when it is remembered that it is difficult to keep the temperature 
in specially designed and well-insulated constant-temperature rooms that are 
thermostatically controlled and provided with means such as fans to prevent 
the stratification of air within much less than 1° F. As it is much more difficult 
to determine the average temperature of sludge in a digestion tank, there is 
considerable question as to the advisability of drawing conclusions regarding 
the endothermic requirements of sludge digestion from large-scale experiments. 

It would seem wiser to conduct experiments of this special nature in a 
calorimeter, in which the temperature can be determined within about 0.001° C. 
The disadvantage of such an investigation is that a small quantity of the sludge 
must be used. 

In discussing the alleged difference in the results obtained in the laboratory 
-at the sewage works at Baltimore and at the disposal plant near Harbor 
City, Calif., it should be stated that the Baltimore sludge was from a preliminary 
sedimentation tank, whereas the material from the latter plant contained 67% 
activated sludge. Furthermore, more seeding sludge was used at Baltimore. 
The fact that the Baltimore sludge digested much more slowly may have had a 
bearing on the difference in the results. 
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LABORATORY INVESTIGATION OF FLUME 
TRACTION AND TRANSPORTATION 


Discussion 


By Messrs. J. E. CHRISTIANSEN, AND W. H. HUANG 


J. E. Curtst1ansen,® Assoc. M. Am. Soc. C. E. (by letter) .°!*—The results 
of an interesting laboratory study of flume traction and transportation of 
sediment by suspension, combined with a review of literature on the subject, 
is presented in this paper. Since the writer has been interested primarily with 
transportation of silt by suspension, this discussion will deal chiefly with Part 
III, ‘Transportation of Material in Suspension.” 

Equation (49) is derived to express the bottom velocity required to lift a 
particle from the bed. This assumes that the full impact of the velocity, Vi, 
is applied in a vertical direction to the projected area of the particle. By defini- 
tion, the author implies that V; is the bottom velocity in the direction of flow 
(horizontal), and not the vertical velocity, or vertical components of the 
velocity. The derivation of this equation is similar to the usual derivation of 
an equation for settling velocity of spheres in a fluid,” except that the author 
makes no mention of the coefficient of resistance of the particle, which is unity 
for particles of only one size. Direct reasoning would indicate that to lift 
a particle from the bed would require the vertical components of the bottom 
velocity due to turbulence to exceed the settling velocity of the particle. 

In the general formula for the distribution of suspended sediment (Equation 
(51)), the origin of y must be taken at the point of maximum velocity to be 
consistent. The Austausch coefficient is correctly defined by the expression, — 


in which 7 is the shearing force per unit area. The definition of ¢ as given by 
the author applies only to a wide shallow stream for which the surfaces of equal 


_ Nore.—tThe paper by Y. L. Chang, Hsq., was published in. November, 1937, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: March, 1938, by Hans 
Kramer, M. Am. Soc. C. E.; and June, 1938, by Messrs. E. W. Lane, and Joe W. Johnson. 

Asst. Irrig. Engr., Coll. of Agriculture, Univ. of California, Davis, Calif. 
51a Received by the Secretary June 22, 1938. 


82“ Distribution of Silt in Open Channels,” by J. DB. Christiansen, Assoc. M. Am. i 
C. E., Transactions, Am. Geophysical Union, pp. 478-485, 1935. mee 
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velocity are essentially horizontal planes. The Austausch coefficient has the 
same physical significance for turbulent flow as the coefficient of viscosity has 
for laminar flow. Assuming that 7 is a function of y, any selection for the 
origin of y, other than point of maximum velocity, indicates a shearing force 
at the point of maximum velocity and an infinite value of e. 

The writer believes that the method of computing the values of ¢ and 7 
used by Leighly®: 54 could be used advantageously in the laboratory when the 
velocity distribution can be determined. This method involves the expression, 


in which m is the mass of water between a unit surface of equal velocity and 
the region of maximum velocity, bounded on the sides by surfaces normal to 
the surfaces of equal velocity. 

The author states (see “Experimental Verification’) that ‘tests have 
been made on sediment distribution as described; the results plotted do not 
agree with the theoretical Equation (51) because this equation is presumably 
derived for a considerably wide channel suffering no side restrictions.”’ This 
statement appears misleading because no such assumptions are made in its 
derivation. The only assumptions concern the evaluation of «. For a deep 
narrow flume, ¢ is not correctly expressed by the equation given by the author. 
From the subsequent remarks, it appears that the exponential curve did fit 
the observed data when a coefficient was applied to the exponent. Another 
i] dy ‘ 

? 


factor that may have affected the value of the exponent, w p { 218 a 


0 
possible error in the value of w. Although Rubey’s equation appears to fit 
Richards’ experimental data®® very well, it should be noted that Richards 
determined the size of the particles by means of sieves. Knapp*’ and Alexander 
and Jacob® have reported that settling velocities of particles computed from 
microscopic measurements of diameters are too high, and that they agree 
better with data on spheres when diameters are determined with sieves. 

Concerning the size of particles, the author states (see ‘Part I,’’ heading, 
“Mechanical Properties of Test Samples’), ‘for fine grains the volume of 
which was not measurable, D was assumed equal to the mean of D; and D».” 
For Samples 6198 and 6197, however, the value of D as given in Table 1 is 
the same as for D2. The writer has been unable to check the values of w given 
from the formula and values of D as given in Table 1, or from the mean value 

88 Toward a Theory of the’Morphologic Significance of Turbulence in the Flow of 
Water in Streams,” by John B. Leighly, Univ. of Calif., Publications on Geography, Vol. 
6, No. 1, pp. 1-22, 1932. 

54‘ Turbulence and the Transportation of Rock-Débris by Streams,” Geographical Re- 
view, Vol. 24, pp. 453-464, 1934. 

55“ Review of the Theory of Turbulent Flow and Its Relation to Sediment-Transporta- 
tion,” by Morrough P. O’Brien, Assoc. M. Am. Soc. C. E., Transactions, Am. Geophysical 
Union, 1933. ‘ 

56 Velocity of Galena and Quartz Falling in Water,” by R. H. Richards, Transactions, 
Am. Inst. Min. Engrs., Vol. 88, pp. 230-234, 1908. 

% “New Apparatus for Determining Size Distribution of Particles in Fine Powders,” 
by R. T. Knapp, Industrial Engineering Chemistry, Vol. 6, pp. 66-71, 1934. 


88 “ Mechanical Analysis of Finely Divided Natural Phosphates,” by  L. T. Alexander 
and K. D. Jacob, Technical Bulletin 212, U. S. Dept. of Agriculture, pp. 1-24, 19380. 
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of D,; and D2. It appears possible that the difficulty in making the equation 
fit the experimental data might be due, at least partly, to incorrect determina- 
tions of both e and w, In the writer’s study® it appeared that Equation (51) 
was in very good agreement, without modification, with all the available 
published data that were analyzed. 

The author’s discussion of total load in suspension is interesting, but it 
must be kept in mind that these equations are valid only for silt particles with 
a uniform settling velocity. Silt found in suspension in natural streams 
includes particles of various sizes and settling velocities. For each size 
fraction, the concentration at any depth can be expressed by Equation (51) 
in terms of the known concentration at one depth, the turbulence of the stream 
as expressed by e, and the settling velocity of the silt, w. The total concentra- 
tion of all size fractions cannot be expressed by a similar exponential equation, 
however, and, consequently, the total load in suspension is not correctly 
expressed by Equations (56) to (59). 

Assume a general case of a natural stream for which the vertical velocity 
distribution is determined with a current meter, and a sample of silt is collected 
at one or more depths. ‘The silt samples can be analyzed for distribution of 
size of particles, and a curve can be plotted showing this relationship 
graphically. The average settling velocity for each size fraction between 


rather narrow limits can be estimated. From the velocity distribution, . ’ 


and slope, S, values of ¢ can be determined by graphical integration. Curves 
can then be constructed showing the size distribution of silt in a vertical 
section for each size fraction. ‘The total concentration at any depth is, 
cr = €i + C2 + ¢3 + +--+, in which ¢, Co, etc., are the concentrations for each 
size fraction. A curve for cr plotted against y can then be plotted, but the 
relationship cannot be expressed by a simple exponential equation. The total 
load, P, is correctly expressed by the relation, 


and the integration can be performed graphically. 

The writer questions the validity of Equation (61) and the reasoning that 
precedes it. He can see no more reason for assuming that the kinetic energy 
of a stream is independent of the silt carried, than for first assuming that 
the velocity is not affected. It would seem that the principal effect of silt on 
the velocity and kinetic energy would be due to a possible change in the 
smoothness of the bed, and the possible effect on the Austausch coefficient, «. 
Few data are available on this point. Buckley® observed that the velocity 
increased during periods of high silt concentration, other factors remaining 
constant. In deriving the general expression for silt distribution, the basic 


so“ A Study of the Distribution of Silt in O +s isti 
\ f pen Channels,” by J. E. Christiansen, 
Assoc. M. Am. Soc. C. EB. Thesis submitted in partial fulfillment for the degree of Civil 


Ie ae of California, 1935. (Not published; on file in the Library, Univ. of 


© “The Influence of Silt on the Velocity of Water Flowing i i 
B, Buckley, Minutes of Proceedings, Inst. CoE, Vol. 216 (Il), p. 183 Ipsos eho 


September, 1938 CHRISTIANSEN ON FLUME TRACTION 1435 


assumption is made that ¢€ is not a function of silt concentration; and this 
assumption is probably justified for ordinary concentrations found in many 
rivers, but it may not be justified for the exceptionally high concentrations 
sometimes found. 

Referring to the “Summary,” Part III, the writer cannot agree with 
Conclusions (1), (3), (4), and (5). The reasoning leading to Conclusion (1) 
does not appear sound for the reasons previously mentioned. In connection 
with Conclusion (2), it must be kept in mind that Equation (51) expresses 
the relationship only for a single-size fraction, and that the distribution curve 
for a graded silt is not a simple exponential curve. Conclusion (3) is misleading. 


d 
The first part of the expression, Equation (55), ¢m = { ce dy, is valid, but 
2 0 


the latter part of the expression applies only to the specific case of parabolic 
velocity distribution, and maximum velocity at the surface, where it is seldom 
found. The statement concerning the location of the point of mean silt con- 
centration is based on a calculation for specific conditions, and does not hold, 
generally. For the assumptions used by the author, a general expression for 
the position of the mean silt concentration in a vertical section can be obtained 
by equating, 


CU se ae COE A as oa, Reece havc, cutjocn ake (73a) 


1 ex? — J 
y = 2 1n( = ) Bi aes of 1 (73b) 


The position of mean silt concentration, therefore, is a function of a as well as d. 
Furthermore, the use of the term, “‘mean silt concentration,” to refer to the 
average silt concentration in a vertical section is misleading. Mean silt con- 
centration is more properly defined by the expression, 


from which, 


Cm oe ve feel lelcey eile tel bist io (ee: 6” sihe, fe even ge? s aenienre (74) 
q 
The total amount carried in a vertical section of uniform width is expressed 
correctly by the equation, 
d 
P= i CRAY AWE ae oo aoe Cee (75) 
0 


in which both ¢ and » are functions of y. The first statement in Conclusion 
(4) is not verified by the data presented. The second statement is valid only 
for a single size fraction, and cannot be applied to the total silt concentration 
of a stream. Conclusion (5) is the result of an assumption that may not be 
valid, and is in direct conflict with certain previous observations. 


Corrections for Transactions: In Equation (58) the first c should read ¢o; 
and, on p. 1735, Line 18, change “Equation (57)” to read “Equation (58),77 
In Fig. 6, transpose the two formulas; under “Summary: Part III,” omit 
the last sentence of Item (3); on page 1212, June, 1938, Proceedings, after 


———— 


1436 HUANG ON FLUME TRACTION Discussions 


Equation (77c) write: “In which G, = rate of sand movement, in pounds per 
hour per foot of width”; in the sentence that includes Equation (79), rewrite: 
“A plot of the data observed at the U. 8. Waterways Experiment Station 


results in,” etc.; and, in Fig. 18(b), the ordinates are “values of a .’ See, also, 


Proceedings for March, 1988, p. 604, and June, 1938, p. 1216. 


W. H. Huana," Esq. (by letter).*—The lucid explanations which the 
author has given to some of the phenomena observed in his experiments are 
impressive. For example, he interprets Exponent 6 in Equation (20) and 
Equation (21c) as turbulence, and shows that sorting will take place in graded 
sands irrespective of the mode of motion of the particles, and that the coarser 
particles will move in greater quantities than the finer ones. 

Attention is called to Equation (13), in which it appears that the term 
corresponding to the decrease in potential energy is incorrect. Mr. Chang 
takes the average of the drop of the water surface and that of the bed 
in the reach, dz, as the decrease in potential energy, and thus he obtains 

i sin a as sin oo 7 
any section the potential energy is equal to that at the water surface. The 
decrease in potential energy, therefore, should be: w y cos a@ tan a dx; and 
Equation (13) should read: 


It is known, however, that throughout the depth at 


79 CV + av) — V+ Pde = wy cos ao tan a de ia eo (76) 


In deriving Equation (15) Mr. Chang refers to Fig. 5, which is also incorrect. 
Taking x as positive toward the right and y as positive upward, the depth of 
water at the left section should be taken as y, and the increment of depth at 
the right section should be taken as (—) dy. Using these correct notations, 


ra res = COS a tan a — sin dp, is obtained and, 
Vi>4 
T =|wy cos ap tana + ire (sin ao — COs dp tan a)| BA fee (77) 
For a sloping bed with uniform flow, 
Ts s5° 902) SUN ig Dai gih estoliyat eee eee (78a) 
and, for a horizontal bed, 
2 

T =wtana (v — e 52h, onset eee ce (78b) 


Therefore, for great depth with comparatively small velocity, the tractive 
force on a horizontal bed is approximately equal to that on a sloping bed with 
the same water-surface slope (not 0.5 as the author has concluded). Therefore, 


® Prof. of Hydr. Eng., National Central Univ., Chungking, China. 
%a Received by the Secretary April 9, 1938. 
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the values of Ty in Table 4 should be recalculated, and Equation (20) should 
be modified accordingly. 

Equation (76) may also be considered as Bernoulli’s equation with each 
term multiplied by the factor, w y; thus: 


POL =a tT fo te te ee Sere ne er. wore nak aaah (79) 
in which H; is the loss of head in the reach, dz. 
Since, 
lt eR Dai aR ious, <a wae Mele oh, (80) 
in which 8, is the energy gradient; therefore: 
IPE SCONE TRL Ae ae tas eae ee DE Ae (81) 
By Manning’s formula, 
n? Q? 
Ne Dapyhea ne ANGE 2h. he (82) 


wn? Q? 
i Oy patter: Sahl eel eee (83) 
or, 
3.33 
= wy sin a (es) eh tag sett age en (84) 


in which yp is the depth of normal flow. 

For channels other than the rectangular cross-section of infinite width as 
assumed, the average tractive force may be represented by the following 
formula: T = w KR S,; or, 

T re n? Q? 
= DOT RAR 

Equation (85) may be used to calculate the tractive force in experimental 
flumes where the walls are roughened to give approximately the same roughness 
as that of the bed. When the roughness of the walls differs widely from that 
of the bed, as in the author’s flume, more experimentation is needed to justify 


the use of Equation (4) and Equation (6). 
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GRAPHICAL REPRESENTATION OF THE 
MECHANICAL ANALYSES OF SOILS 


Discussion 
BY CHARLES HoLEE.M AM. soc. G.7E; 


Cuarwes H. Lez, M. Am. Soc. C. E. (by letter).***—Two objectives are 
definable in this paper: First, to standardize graphical representation of grain- 
size distribution; and second, to simplify and systematize the interpretation 
of such graphs. Both undertakings are opportune and it is to be hoped that 
the first, especially, can be carried through to an early definite conclusion. 
The second is more a matter of individual experience, technical background, 
and judgment, and cannot be reduced to set rules. The author’s method of 
simplification is an interesting one. 

As for a graphical standard, the writer agrees with the author in favoring 
the one with the ordinate as percentage by weight of total sample plotted to 
natural scale, and the abscissa as particle size, in millimeters, plotted to a 
logarithmic scale, with small sizes at the left and large sizes at the right. In 
plotting the results of standard sieve and hydrometer analyses, however, it is 
found more convenient to have every number from 1 to 9 in each log cycle 
represented by a vertical line, and, in addition, to have the half lines between 
1 and 2 and the standard sieve size lines. The use of log 2 and log 6 or any 
other combination, although giving a more open diagram, is not convenient for 
plotting or for picking off end points of soil fractions. 

A form of graphical diagram which the writer has developed by trial through 
the ten years, 1928-1938, is presented in Fig. 3. It includes five cycles ranging 
in size from 0.001 to 152.4 mm which covers all ordinary requirements. Its 
one limitation is exclusion of smaller clay sizes extending into the colloids. 

Fig. 3 also includes tabular spaces for entering standard Tyler sieve per- 
centages that are held, and size classification according to the U. 8. Bureau of 


Notrre.—The paper by Frank B, Campbell, Assoc. M. Am. Soc. C. E., was published in 
December, 1937, Proceedings. Discussion on this paper has appeared in Proceédings, as 
follows: February, 1938, by Messrs. Donald M. Burmister and A. J. Weinig, Jr.; March, 
1938, by Messrs. Carl H. Kadie, Jr., Carlton S. Proctor, T. T. Knappen, Jacob Feld, and 
Howard F. Peckworth; May, 1938, by Messrs. Joel D. Justin, L. B. Olmstead, T. A. Middle- 
brooks, and Frank E. Fahlquist and Waldo I. Kenerson ; and June, 1938, by Messrs. E. W. 
Lane, F. J. Sanger, and F. Knapp. 

%§ Cons. Hydr. Engr., San Francisco, Calif. 


6a Received by the Secretary June 3, 1938. 
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Chemistry and Soils. This form has been found to have a wide appeal because 
it is easily understood, both by those who are familiar with separation by 
standard Tyler sieves and by those who use the U. S. Bureau of Soils classifica- 
tion. Itis the writer’s observation that the vast majority of American engineers 
are familiar with one or the other of these classifications, and that the engineer- 
ing use of other: classifications is confined to a relatively few specialists in soil 
technology. 

The classification favored by the writer for an engineering standard is that 
of the U. S. Bureau of Chemistry and Soils. The reasons for such choice are: 
(1) It is generally recognized and widely used both by engineers and by scientific 
research workers; (2) the fractions conform reasonably well with distinctive 
physical characteristics resulting from particle size; (3) it has proved reasonably 
satisfactory in general use; and (4) it can be readily taken from a graph plotted 
from the results of any sieve and hydrometer, pipette, or similar analysis which 
a great variety of established laboratories are equipped to make. 

The author’s generalization that immature soils have size-distribution 
curves that are concave upward and mature soils convex upward is not sup- 
ported by inspection of such curves from broad geographic areas. Curves 
that are concave upward represent a material in which the larger sizes pre- 
dominate, whereas those in which small sizes predominate have curves that are 
convex upward. If the original rock contains non-weathering grains of 
relatively large size, such as quarts or silica, the curve may be concave upward 
even if weathering has reached a stage of maturity. Such a condition exists in 
regions of granitic rocks such as granite, diorite, etc. Rocks of this type 
comprise large areas in all parts of the world and contribute non-weathering 
constituents to both residual and transported earth materials. 

Alluvial materials may vary from the uniform grain-size type to the well- 
distributed type, depending upon the velocity conditions at the point of 
deposition. Alluvial débris deposited by swiftly flowing streams at a point of 
grade change have size-distribution curves that are straight and sloping, or 
concave upward, rather than vertical. Flowing water is an excellent sorting 
agent only if the velocity is uniform, such as in streams traversing broad 
valleys or shore currents in lakes or in the ocean; but in streams that drain 
steep topography, the velocity changes rapidly, affording little opportunity 
- for sorting. 

The mean grain size, as defined by the author, is entirely arithmetical and 
has no physical meaning. Mean grain size, as a weighted geometric mean, can 
be determined readily from a size distribution diagram, and it is not a step in 
advance to adopt an arbitrary definition. The attempt to express gradation 
by the slope of the line passing through the 20% and 80% points on the curve 
is equally arbitrary, and will lead to confusion rather than simplification. 
The entire curve must be taken into consideration in studying the size distribu- 
tion characteristics of a material. 

The nomenclature proposed by the author for designating these arbitrary 
values is too complicated to be remembered or readily grasped mentally, 
and is impractical for use. The proposed size classification with log-2 and 


wi 
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log-6 division is also arbitrary and differs from those already in use. There are 
no compelling reasons advanced in its favor and its adoption would add to the 
confusion in an already over-confused field. 

In classifying size-distribution graphs the writer gives consideration to 
physical characteristics more or less controlled by size distribution, such as 
porosity, permeability, and density. At one end of the scale are uniform grain- 
size materials, with high porosity and permeability, but low density. Such 
materials are sought after as sources of well water. At the other end are well- 
graded materials whose graphs follow closely a curve with an equation of the 
form: 


in which p = the proportion by weight passing a given screen or sieve opening; 
d =size of opening; D = maximum particle size; and n = an exponent 
ranging from 0.25 to 0.40. Such material has a low porosity and permeability, 
and high density, and is excellent for use in constructing earth embankments. 
An ideal group of five such curves with maximum sizes of particles equal to 
0.6, 2.36, 8, 32, and 127 mm, percentages of clay equal to 30, 22, 13, 7, and 8, 
and values of n equal to 0.25, 0.25, 0.28, 0.30, and 0.33, are shown in Fig. 3. 

Superimposed upon this sequence of grain-size distribution is the effect of 
size, which in fine silt and clay produces greater porosity than in coarser frac- 
tions, lower density, and far less permeability. In conjunction with water the 
fines also introduce the new characteristics of shrinkage and slow consolidation 
under load. The limiting curves of the group in Fig. 3 include the ranges 
of size distribution and of size, which experience has shown are satisfactory for 
construction of impervious sections of rolled-fill earth dams. It is to be noted 
that Curves a and f in Fig. 1 are both beyond the limiting curves of the group, 
and both were unsatisfactory for this type of construction. 
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PRELIMINARY DESIGN OF 
SUSPENSION BRIDGES 


Discussion 


By Messrs. HARDY CROSS, AND A. A. EREMIN 


Harpy Cross,?* M. Am. Soc. C. E. (by letter).2**—This paper is an im- 
portant contribution both to the literature of suspension bridges and to the 
general theory of structural design. That it makes possible an immediate 
picture of the action of the truss and of the effect of variation of proportions of 
the structure is a rare virtue. 

A case having important points of similarity to that discussed in the paper 
is presented by two parallel beams so connected that they deflect together. 
Assume that the dimensions of one of the beams (represented by the cable) is 
fixed and that its strength is of no further interest. Assume, also, that the 
second beam (stiffening truss) is added merely to stiffen the primary beam, 
whatever that may mean, and that structural failure of the secondary beam is 


_ 


to be feared only because it will then fail to stiffen properly. The shape of — 


the deflection curve for a loaded beam and for a loaded cable are not alike; 
this does not destroy the usefulness of the comparison for present purposes. 

The secondary beam may produce two effects: It may change the shape of 
the deflection curve; or, it may change the amount of the deflection. The 
authors present some evidence that the first effect is not important. 

If the deflection of the primary beam is fixed, the angular distortions of the 
secondary beam are also fixed. Linear strains are then a function of depth and 
stresses are related to strains by the elastic modulus. Such a condition is 
represented in suspension bridges by cable stretch, expansion of cable, and 
movement of tower connections of cable due to the deformation of shore spans. 


These “deformation” stresses have no useful effect; they merely threaten the - 


structural integrity of the secondary beam. 


Notn.—The paper by Shortridge Hardesty and Harold E. Wessman, Members, Am. Soc. 
C. E., was published in January, 1988, Proceedings. Discussion on this paper has appeared 
in Proceedings, as follows: May, 1938, by Messrs. A. W. Fischer, and Jacob Karol; and 
June, 1938, by Messrs. Glenn B. Woodruff and Norman C. Raab. 

*8 Prof., Civ. Eng., Yale Univ., New Haven, Conn. 

*8a Received by the Secretary July 7, 1938. 
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If the load on the combination is fixed, the presence of the secondary 
beam affects the moments on the primary beam and so affects the deflections. 
If the secondary beam is very flexible compared with the primary beam, this 
change in deflection is small, and the stresses vary as do the deformation 
stresses. Such a case is represented by such heavy bridges as the George 
Washington Bridge. ° 

If the secondary beam is very stiff it will carry practically all the moment, 
and the deflection of the system under load will be primarily a function of the 
stiffness of the secondary beam. This is true of light suspension bridges; for 
these the elastic theory gives close approximations. 

In most bridges the stress in the stiffening truss due to live load does not 
vary inversely as its strength. The truss is relatively inefficient as a stiffening 
member. The structure is “hybrid,” acting partly as indicated by the elastic 
theory of suspension bridges where the moment to be resisted is fixed and 
partly as if its stresses due to load were of the nature of deformation stresses 
where the deflection produced is fixed. 

One of the most important results of the paper may prove to be that more 
attention will be given to the question of the function of the stiffening truss. 
Stiffness may be discussed in terms of angular deformation, of deflection, of 
grade change. It may also be discussed in dynamic terms, and discussion of 
angular deformation, or of deflection, or of grade change, is not a completely 
adequate basis for estimating vibration characteristics. Probably stiffness 
needs discussion in all these terms. Engineers know that they want to stiffen 
the bridge, but they have not yet satisfactorily defined stiffness. 

Valuable studies in the design of stiffening trusses, some of which are 
correlated to the thesis presented by the paper, have been made by Jacob 
Karol.*4 


A. A. Eremin,® Assoc. M. Am. Soc. C. E. (by letter).*—In this paper 
the authors have developed a simple method of computing stresses in the 
preliminary design of suspension bridges. However, it has various limitations 
which should be considered by designers. 

The error in computing stresses in stiffening trusses increases rapidly with 
a decrease in the span length of the bridge. From Table 1 it is evident that 
the error in computing the bending moment in the stiffening truss of the 
San Francisco-Oakland Bay Bridge by the preliminary method is about 1.77 
per cent. The span length of the Bay Bridge is 2 294 ft. The error in com- 
puting the bending moment in the stiffening truss of the Maumee River 
Bridge, with its span length of 777.6 ft, is 7 per cent. The increased error in 
computing stresses in short-span suspension bridges is caused by the greater 
influence of approximate assumptions used in computing deformations of 
stiffening trusses in short-span bridges. 

2‘ A Partial Influence Line Procedure for Suspension Bridge Analysis by the Deflec- 
tion Theory,” by Jacob Karol. Thesis submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Engineering in the Graduate School of the 
University of Illinois, 1938. 

2 Assoc. Bridge Designing Hngr., Bridge Dept., Div. of State Highways, Sacramento, 


Calif. 
25a Received by the Secretary August 12, 1938. 
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Equations (3) to (9), involving expressions for ordinates of suspension 
cables loaded with uniformly distributed dead and live loadings, were developed 
by the authors from equations in statics. Similar equations were developed 
in a slightly different manner in 1917.26 It is to be regretted that, in computing 
the deformation of suspension cables, the authors considered only uniformly 
distributed loading. However, the maximum stresses in stiffening trusses of 
suspension bridges with moderate span length occur for a combined loading 
uniformly distributed, and concentrated forces at various points along the 
span length. Evidently, the computation of deflections and the deflection 
loops of suspension cables sustaining the combined loading is complicated and 
impracticable considering the simplicity of other available approximate 
methods of designing suspension bridges. The authors already have demon- 
strated the simplicity and other advantages of the design methods based on 
trigonometric functions. Approximate analyses of stresses in suspension 
bridges with moderate span lengths may also easily be made with model test, 
as shown by Mr. E. Rothenberg.?’ Likewise, an interesting preliminary study 
of the Bay Bridge was performed by the use of a model.?8 In the model tests 
various combinations of uniformly distributed and concentrated loading may 
be considered. Furthermore, the stiffening truss may be considered either 
with uniform or variable moment of inertia along the span length. 

76“ Modern Framed Structures,” by the late J. B. Johnson, and C. W. Bryan, Members, 
ae Soc. C. H., and F. EH. Turneaure, Hon. M. Am. Soc. C. H., Pt. 2, 1917 Edition, pp. 203— 


7 Bautechnik, Heft 58, 1929, p. 844. 


22“ Tests on Structural Models of Proposed San Francisco-Oakland Suspension Bridge,” 
by G. E. Beggs and R. B. Davis, Members, Am. Soc. C. E., and H. E. Davis, Jun. Am. Soc. 
C. E., Publications in Engineering, Univ. of California, Vol. 8, No. 2, pp. 59-166, 19383. 
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WATER-HAMMER PRESSURES IN COMPOUND 
AND BRANCHED PIPES 


Discussion 


By Messrs. F. KNAPP, MARTIN A. MASON, PIERRE F. DANEL, AND 
ANTOINE CRAYA, AND A. A. KALINSKE 


F. Knapp,” Esq. (by letter).”“*—All engineering theory is based upon 
certain fundamental hypotheses, and the degree of agreement between the 
theory and the observed behavior depends on the approximation with which 
the assumptions made describe the actual facts. 

The analytical theory of water-hammer and the graphical method derived 
from it do not escape this necessity. Although the basic assumptions are of 
such a nature as to give excellent agreement between test and computation for 
the more common cases occurring in practice (and, as a matter of fact, this 
agreement is better than is actually required and hoped for in most hydraulic 
computations), it is well to remember, for exceptional cases, that the elastic 


surge theory assumes proportionality between stress and strain; that is, the | 


validity of Hooke’s law. Furthermore, without a more complete theory than 
has been published to the present, it is not possible to compute the surge 
conditions affected by cavitation of the water-column; that is, the subnormal 
pressures approximating the vapor pressure of the water. 

The theory, furthermore, cannot account for the frictional losses as they 
occur, distributed along the pipes. Several approximate (and graphical) 
methods, however, have been devised in order to overcome this difficulty. 

As far as the first mentioned hypothesis is concerned (the proportionality 
between stress and strain) the usual theory considers only cases with surges 
of such a magnitude as to remain well below the yield point of the pipes. 
There is no difficulty in completing the theory by replacing the observed 
stress-strain relation above the yield point of the pipe by a series of tangents 


Norn.—The paper by Robert Angus, Esq., was published in January, 1938, Proceed- 
ings. Discussion on this paper has appeared in Proceedings, as follows: June, 19388, by 
Messrs. K. J. De Juhasz, and Harold A. Thomas. 

M With the SAio Paulo Tramway Light & Power Co., SAo Paulo, Brazil; Assoc. Mem- 
ber, Waterhammer Committee, A. S. M. E., representing Brazil. 


Ma Received by the Secretary May 11, 19388. 
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orsecants. The theory thus completed furnishes ‘several important indications 
for the hydraulic and mechanical design of pipe lines. 

The author’s example of the “breach of the water column due to low 
pressures” is based on several assumptions that are neither corroborated by 
experimental verification nor by a careful examination of the subnormal 
pressure conditions in the pipe line. As stated by the author, the graphical 
method avoids the tedious tracing of the various pressure waves and the com- 
plicated study of various reflection factors, as these have all been included 
automatically in the construction. It is just this facility of the construction 
which may lead to considerable errors and for this reason the writer’ treated, 
at length, the surge conditions in a pipe line by means of reflection and trans- 
mission factors combined with the “‘wave-plan.” Although tedious, such a 
study represents an excellent basis for the complete understanding of the 
graphical method of surge computations. 

Referring to Fig. 18 of the paper, the line connecting the points, Ao.¢ and 
Cs.6-16, indicates a negative pressure wave with a magnitude of 100 ft; the 
author assumes this wave to travel up the flatter part of the pipe line without 
causing disturbances of any kind. He also assumes this wave to be reflected 
totally, but with opposite sign, at the intake. According to Fig. 18, the 
pressure head at the intake is only a small fraction of the magnitude of the 
negative surge wave and this means that the water column between Sections 
Band C is subject to cavitation conditions. It follows, also, that the maximum 
subnormal pressure in the upper flatter section of the pipe line for any section 
cannot be greater than the difference between the static water level and the 
elevation head of the section considered and an additional amount given by 
the prevailing barometric pressure minus the vapor pressure of the water. 
The wave thus travels up the line with diminishing magnitude in accordance 
with the profile of the pipe line. As a consequence, the reflection at the 
intake occurs with only a fraction of the original wave. 

The column of water, subject to subnormal pressure conditions, releases, 
partly, the air contained in it. When the wave returns, the elastic properties 
are found to have changed to such an extent that the surge velocity is con- 
siderably less than before. Again, reaching Section B, the original pressure 
conditions are being restored, and it should be noted that during this process 
the atmospheric pressure plays an important part. 

The author assumes that Section B represents a point of total reflection 
and, consequently, treats the two columns, A.B’ and B’ C, separately. This 
assumption is not justified; nor has it been corroborated by-actual experimental 
verification. The conditions in the pipe line occur in accordance with simple 
physical considerations as described herein. Without anticipating the results 
of a probable future publication regarding this special aspect of the theory of 
water-hammer, the writer would remark that it is not surprising to find that 
an approach to a difficult problem such as that presented by the author (under 


assumptions that are fundamentally incorrect) gives results in accordance with 
these assumptions. 


4“ High Head Penstock Design,” by A. W. K. Billings, M. Am. § 
Dodkin, F. Knapp, and A, Santos, Jr., Assoc. M. Am, Dene: ‘EB. Wtae orepoctant Fe 
Waterhammer, 1933. Limited Special Hdition; distributed by A. S. M. RB. 
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In 1935, the writer called attention!® to the incorrect solution of the 
problem under discussion, first proposed by O. Schnyder,!® later, by M. L. 
Bergeron,” and now reviewed by the author.2! 

Referring to the text following Equation (40), it may be interesting to 
indicate the solution of branch-pipe problems in a different manner. Simul- 
taneous equations for Branches (a) and (c) may be written as follows: 


hate — hapt = 2 Pa (VAt—e SEV Eerie. cate oe (74a) 
and, 
ptowa — hepsi = — 2 pe (Vera — Vept)......--....-- (746) 
From Equation (74a) it follows that: 
il 
VaBt = VAt—2 — D pa (hate — haBi) MOF aatere Oe en lokee Oichedc (75a) 
and, from Equation (746): 
il 
UcBt = Vota + 9 p (hows =~ heBt) mae or eee eatninentas tats (75b) 


Introducing Equations (75) into the equation of continuity and considering, 
also, the relation expressed by Equation (35), the following is obtained: 


B hate + 7 her] — hae = — 2p[{vare + vcr4} — vezi]. . .(76) 


in which, 


Equation (76) has exactly the same structure as the simultaneous Equations 
(26). The slope of the line, defined by — 2 p, is constant and equal to that of 
the line, Ay M, in Fig. 12. As a matter of fact, Equation (76) represents a 
momentary ‘end condition,” replacing the two branches, (a) and (c), tem- 
porarily, by a single line. In practice, and in order to speed up the applica- 
tion, it is more convenient to start the line with the slope, — 2p, at a point 
corresponding to the velocity in the surge tank at the wye with the pressure- 
ordinate, h = 1.0, instead of computing the starting point of this line by means 
of Equation (76). This relation, of course, may be extended so as to be applic- 
able to any number of branches, meeting in one single point. 

The treatment of the draft-tube problem, given by the author, is most 
interesting. The writer would only remark that, in practice, the change of the 
speed of the unit would also have to be considered in the computation. 

As far as the “large and erratic’ pressure variations at Points A, B, and D 
of Fig. 15 are concerned, it becomes evident from a closer study that this 


18‘ Ueber eine allgemeine graphische Berechnungsmethode der Druckstoesse in Rohr- 
leitungen,” by F. Knapp, Wasserkraft und Wasserwirtschaft, 1935, p. 279; also, “ Opera- 
tion of Bmergency Shut-Off Valves in Pipelines,” by F. Knapp, Transactions, A. S. M. B., 
November, 1937. 

19 “‘ Jeber Druckstoesse in Rohrleitungen,’” by O. Schnyder, Wasserkraft und Wasser- 
wirtschaft, 1932, p. 49. 

2 ‘‘Pompes centrifuges e usines elevatoires,’ by M. L. Bergeron, La Technique Mo- 
derne, 1935, No. 5. 

21The same criticism applies to the author’s paper, ‘‘ Air Chambers and Valves in 
Relation to Waterhammer,” 7’ransactions, A. S. M. E., November, 1937." 
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unsatisfactory behavior is due to the unstable characteristic of the valve at 
Section D, assumed by Professor Angus. Certain valves exist with such a 
head-velocity relation, but in practice the effect is not as pronounced as is 
assumed in Fig. 15. It is certainly not desirable, as proposed by the author, 
to make such an installation stable by the addition of a stand-pipe or surge 
tank, because the engineer who designs such a layout would choose a valve 
with a satisfactory characteristic. 

In spite of the fact that he treats the basic relations in considerable detail, 
the author still uses the old-fashioned method of developing Equations (10) 
by means of differential equations. Their development, *by simple physical 
considerations, was demonstrated by the writer in 1937.” 

In spite of the writer’s criticism of the paper, the author deserves the 
thanks of the profession for having brought to the attention of a greater circle 
of engineers a subject of lively interest, heretofore limited to a small number 
of specialists. 


Martin A. Mason,” Jun. Am. Soc. C. E., Prerre F. Dane,” Assoc. M. 
Am. Soc. C. E., AND ANTOINE CraAyA,”® Esq. (by letter).2°*—There are a few 
points of importance omitted from Professor Angus’ excellent paper which 
should be discussed as concerning the accuracy of the graphical method and 
as showing a further liaison between it and the analytical method of studying 
water-hammer phenomena. 

Consider, first, the case of a compound pipe consisting of a number of 
dicontinuities provided by changes in section, as that studied by Professor 
Angus in Fig. 11. At each of these discontinuities there is a loss of head 
due to kinetic energy losses, depending upon the sense and magnitude of 
the flow, and due directly to the change in character of the conduit. This loss 


is a\2 18 vs. 
may be evaluated?* as | 1 — a 2g in the case of an enlargement of 
2 
2 V2 


section, and as ( —1 ) Iq in the case of a contraction. The effect of 
these losses, whether due to contraction or enlargement, is always the same in 
that the pressure indicated by the graphical method is not the true pressure at 
the point being studied for both sections of the conduit. It is the true pressure, 
plus or minus the kinetic energy correction, for one of the sections; for instance, 
in the case treated by Professor Angus, with flow from Points D to A (that is, 
from the reservoir to the gate), there is a change in pressure at Points C and B 
due to the change in section, which is not shown in Fig. 11. The true pressure 
may be found in the following manner: Consider Section A B of the conduit, 
with a change in régime introduced by the gate closure. Then, the pressure- 
a ae sk ed A ee 


*2*“°Q golpe de ariete: Theoria, confirmacdo experimental e applicaces praticas,” b 
F. Knapp, Boletin da Inspectoria de Servicos Publicos, Sao Paulo, Wavembes, 1937, pies 


Freeman Scholar, Boston Soc. of Civ. Engrs., Grenoble, Fra : 
and Jun. Mech. Engr., National Bureau of Stanasean Washinston, D. ie siphpeere ica” 


* Research Engr., Ateliers Neyret-Beylier et Piccard Pictet: Di 
oratory, Ecole des Ingénieurs Hydrauliciens, Univ. of Grenoble, Grenoble, Deduar Soke 


> Research Engr., Ateliers Neyret-Beylier et Piccard Pictet, Grenoble, France. 
sa Received by the Secretary May 24, 19388. 


#8“ Fluid Mechanics,” by R. A. Dodge and M. J. Thompson, McGraw-Hill Co., 1937. 
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velocity relations in Section A B at some time, i, later are shown by the régime 
points, A;and B;. In Section B C of the conduit, however, the true pressure at 
Point B is not that shown by Point B; since the loss of kinetic energy due to the 
sudden contraction at Point B has been considered. Therefore, to find the true 


Voag lap 
g 


Vorc UEC 


Fig. 24 


pressure at Point B, Section BC, add to the pressure shown by Point B; the 
head lost in contraction. In Fig. 24 this may be accomplished by extending 


2 2 
Point B; vertically upward a distance equal to ( : —1 ) a times the pres- 


sure scale of the graph. Then the characteristic lines representing the pressure- 
velocity relations in Section B C should start, not from Point B; but from the 
corrected Point B;. Thesame correction is necessary for each change in section. 

As noted by Professor Angus, and as more fully discussed elsewhere,”’ 
these terms may usually be neglected. If they are neglected, however, it 
should be remembered (particularly in regard to the pressure conditions at 
intermediate points in the conduit) that the results are not exact. Admittedly, 
the error in the final result is often very small. It is obvious that as the velocity 


Te ‘ : 
head term, 7 q? mcreases in ratio to the pressure head the error becomes larger. 


In connection with corrections of this kind it should be noted that conditions 
frequently occur in practice which demand care in their interpretation as to 
the necessity for applying the foregoing corrections. Professor L. Bergeron 
has shown?’ that sometimes a correction need not be applied for flow in one 
sense, but for flow in the other sense a correction is required. For instance, he 

2 Contributions to discussion of the papers by Messrs. L. Allievi, J. N. LeConte, and 


R. T. Knapp, at the Water Hammer Committee Meeting, A. S. M. H., 1987, by Prof. L. 
Bergeron and Martin A. Mason, Assoc. M. Am. Soc. C. EH. (Publication pending.) 
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discusses the case of a nozzle opening into an air chamber, and the case of a 
simple pipe entrance. In the first case, the correction to be applied for reversed 
flow is four times that for normal flow; whereas, in the second case, no correction 
is required for flow in the normal sense (there being a negligible loss at the en- 
trance); but, for flow in the reverse sense, correction must be made for the exit 
losses. 

The study of water-hammer conditions in compound pipes by the graphical 
method offers a great advantage over the analytical method in that many of 
the factors that must be calculated in the latter method are automatically con- 
sidered in the graphical method. Among these terms may be mentioned the 
so-called “coefficients” of reflection and transmission of the pressure waves, and 
in case the problem is being studied by the theory developed by Jaeger,’ a 
third coefficient, a;. 

These terms may be easily found from the graphs drawn for a particular case, 
although their calculation is not at all necessary to the use of the graphical 
method. Fig. 24 is the graph for a simple case of a compound pipe consisting 
of two sections; the line, Ao A’, represents the pressure-velocity relation in 
Section A B, and Line Ap A”, the same relation as for Section BC. For sim- 
plicity, a pipe of only two sections has been chosen as the same proof applies 
equally well to compound pipes of any number of sections. 

The construction of the graph by the graphical method shows the magni- 
tude, F;, of the direct pressure wave in Section A B, leaving End A at Time i, 
to be the length, Xo Ai, in Fig. 24. Likewise, the magnitude of the reflected 
wave, fi, from Point B, Section A B, is equal to the length, — B’ 6’; and, the 
magnitude of the direct pressure wave, F’, in Section B C, is equal to the length 
X’ B’, assuming that there are no reflected waves as yet in Section BC. Pro- 
longing X’ B’ to its intersection, X4’, with the line, Ap A’, b’ X4’ = B’ b’ =— fi; 
from which, 


XB =b Xi — VB a Fe =f) = Fae (78a) 
and, 


X Xa’ = bX + 0 Ka! = Fi + (—fi) = Fi — fi. s+ nas (78b) 


Considering, however, the triangle, Ap A’ A’’ A, cut by the parallel lines, 
A A’ and X’ Xq’: 


ict 1 VwEe 
Xx’ B’ AA” Vuze UBC ° 9 Aznc 


1 
V +H 
wAB VAB 9 i 


in which A represents the cross-sectional area of the conduit considered. Sub- 
stituting the values of Equations (78) into Equation (79): 


Aap ti 

Fi+ fi = VwAB _ ose 

F;- fi Ae = ¥ fi en ee ue. § (80a) 
Vso F; 


7“ Theorie General du Coup de Belier,” by Charles Jaeger, Dunod, Paris, 1933. 
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and solving for a 5 
Aap _ Axe 
fi _— Vwas Vwseo _ 
DARAIAG ned Am TEE 0 CCE CL RR od (806) 


VwAB VwB Cc 


which is recognized as the coefficient of reflection used by Jaeger, Loewy, 
Comte de Sparre, and others. 
Furthermore, since X’ B’ = F’ = X,b—06' BRB =F;4+fi: 


which is the coefficient of transmission of Section A B into Section B C, applied 
in a manner similar to Equation (800). 

Consider, now, that there is a reflected wave, f’, in Section BC (Fig. 24). 
For this case it is known by construction that Line Ay A”’ has been displaced 
parallel to itself a vertical distance equal to twice the magnitude of the reflected 
wave; that is, 2f’. Therefore, 


B’b” = B’YR+ Rb” = BY R+ BY = BR —fy....7. (82a) 
and since B” T =— 2f’: 
DORR eile as? POR as. A ae agen (82b) 


From the similar triangles, TR B’ and A’ A Ao, B’ RB’ and A’ A Ao, one 
finds, 


ae Aap 

R Ay A se VY oAB 
a (83a) 

BUR. AyA’ «Axe 

VwBe 

and substituting Equation (83a) into Equation (820): 
9 Aza 
B’R=-f’ Fav onis sieef a, ees, ee (83b) 
Aap a" Arc 


iV eae een) ae 


in which s’ is the coefficient of transmission of Section B C into Section A B. 
To find Jaeger’s coefficient, a;, it is necessary only to consider Equations 
(83b) and (806) with respect to Equation (82a), or, 


ee Dosh ee ee ee a (84a) 

and, dividing by Fi, 
By 7 
Fr Fy eerste tees 


a 
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in which a;, Jaeger’s coefficient, represents the ratio of B” b” (the reflected wave 
in Section A B due to reflection in Section B C) to the direct wave in Section A B. 

Professor Bergeron, who with Dr. O. Schnyder, is mainly responsible for the 
rapid development of the graphical method of study of water-hammer phenom- 
ena, has shown” that the method may be applied successfully in fields other 
than that of hydraulics. In fact, theoretically, this method of study of 
pressure-velocity relationships may be adapted to any case in which the dis- 
turbing waves are propagated as plane waves. Thus, it can be used to study 
the propagation of plane waves in a stretched chord, longitudinal waves in 
a metal bar, torsional waves in a rotating cylinder, and the study of transients 
in electric lines. 

However, in many of these cases occurring in domains other than hydraulics 
(as well as in the field of hydraulics itself) difficulties are frequently introduced 
in the use of the method by the physical conditions under which the dis- 
turbance occurs. The principal of these difficulties is that of determining, 
at some time after the beginning of the disturbance, the characteristic curve of 
the pressure-velocity relations imposed by the disturbing device. In most cases 
this curve must be calculated by analytical means, as in the case of a surge tank 
consisting of an air reservoir, where, by means of Boyle’s law, the pressure- 
velocity relations at any instant may be calculated. Unfortunately, this com- 
putation introduces, into the use of the graphical method for such cases, con- 
siderable additional work which it would be desirable to avoid. This phase of 
the problem of graphical solution of water-hammer problems is worthy of 
considerable study by those engineers who frequently use the graphical solution 
method. 


A. A. Kauinsxz,”® Esq. (by letter).2°*°—This paper, with previous writings 
by the author (which he lists in footnotes), provide, for American engineers, 
complete information on the solution of water-hammer problems by the 
graphical method. The writer suggests that any one wanting to become 
thoroughly familiar with this method of analysis should also consult the 
papers that are cited. : 

The presentation of a graphical method of analysis in a technical paper 
is extremely difficult as the author usually cannot get the reader to follow 
through, completely, the details of the graphical construction. Unless the 
reader does this, patiently and diligently, he will not grasp the principles of 
the graphical method. Furthermore, he is likely to use this method of analysis 
just as a tool, without any knowledge of the physical phenomena with which 
he is dealing. 

The writer believes that the paper would be more lucid if Professor Angus 
had devoted additional space to showing what the graphical method of analysis 
really is; namely, a method for solving simultaneous equations. There is 


ee eee 
78 Mémoires de la Société des Ingénieurs Civils de France, Bulletin, J uly—August, 1937 
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nothing ova Hunde about it; it is simply one method of solving, step by step, 
simultaneous equations that relate various phenomena which occur together. 
In fact, these simultaneous equations can be solved analytically just as well as 
graphically. Furthermore, only after solving a few problems analytically by 
a step-by-step numerical solution will the physical phenomena be entirely 
clear to any one who is just beginning the study of water-hammer. For 
example, when using the graphical method outlined by the author for compound 
pipes, the physical phenomena occurring at pipe junctions are completely 
obscured. The graphical method is a useful tool and is very convenient for 
some problems; it is unnecessary and cumbersome for certain others, and it 
is practically never indispensable. Some problems may be solved most 
rapidly by a combination of the numerical and graphical methods. An 
engineer interested in this problem should be able to use either method. 

If an engineer knows how to write the different simultaneous equations 
that relate and control the various phenomena occurring in water-hammer, he 
will have no difficulty solving the problem. He may use a numerical or a 
graphical method, but, in either case, he should first have a correct under- 
standing of what he is doing. The writer believes that Professor Angus might 
well have explained in more detail how to set up the various simultaneous 
equations needed to solve the more complicated piping problems, and thus 
have generalized the method of attack to be used in solving any particular 
problem. 

In general, the solution of any water-hammer problem involves the formu- 
lation of the following: (1) Relation between the head and the velocity at the 
control gate; (2) relation between the head and velocity at one end of a section 
of uniform conduit, and the head and velocity at the other end of the same 
section taken an instant earlier than the first (this interval of time being 
equal to the time required for the pressure wave to travel the length of the 
conduit section); and, (3) discharge relationships at the junction of pipe 
branches. 

As Professor Angus states, if friction loss is not neglected, the solution of 
any problem is considerably complicated. However, he minimizes the number 
of problems in which friction must be considered. In most water-supply pipe 
systems and pump discharge lines, the head lost due to friction is far from 
negligible. In many such problems the flow head may be only a small fraction 
of the static head. This fact is of great importance in the design of relief 
devices. By considering the friction loss as concentrated at a single point or 
points, an approximate solution can be obtained. However, such a procedure 
is far from satisfactory. 

Probably the best physical pictures of the effect of friction on the form 
of the pressure wave for instantaneous closures are those given by W. F. 
Durand®® and H. A. Gibson.*! A complete, satisfactory explanation of the 


es eS ee 
30“ Hydraulics of Pipe Lines,” by W. F. Durand, D. Van Nostrand, New York, N. Y., 
1921, p. 89. 
31 “‘ Mechanical Properties of Fluids,” by H. A. Gibson, Blackie & Sons, London, Eng- 
land, 1925, p. 213. 
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effect of friction for gradual gate closures does not seem to exist. In a paper 
published in 1937, Allievi®? states: 


“During the perturbed regimen, moreover, the velocity of each single 
liquid filament is varying with time, and, at the same instant, is different for 
each filament. Therefore, the effect of liquid friction is transmitted to the 
lowest filament which we are considering, according to very complex laws in 
which it is legitimate to assume that the velocity, V:, of the lowest identical 
filament plays a predominant part.” 


Probably the only way to obtain a correct idea as to the part that friction 
plays in altering the results obtained when it is neglected, or when it is con- 
sidered as localized at various points, is through experiments. In fact, the 
writer believes that any further knowledge that is to be gained regarding 
water-hammer will have to be obtained from carefully aonducted experiments. 
Mathematical and graphical analyses have solved most of the general features 
of the water-hammer problem; it is now time to investigate some of the minor 
assumptions that have been made. Some other special features of the problem, 
which merit experimental investigation, are the effects of sharp bends in pipes, 
gradual and sudden pipe transitions, partly closed valves, and the character- 
istics of various relief devices, including those that store up energy and those 
that dissipate it partly. 


82 “ Air-Chambers for Discharge Lines,” by Lorenzo Allievi, Transactions, A. S. M. E., 
Vol. 59, 1937, p. 655. 
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ENGINEERING ECONOMICS.AND PUBLIC WORKS 
A SYMPOSIUM 


Discussion 


By Messrs. Louis E. AYRES, JOHN H. MEURSINGE, 
AND SAMUEL B. FOLK 


-Louis HE. Ayres,*! M. Am. Soc. C. E. (by letter).“’—It is unfortunate 
that no definite pronouncement, allocating expenditures for power purposes, 
has ever been made by the Tennessee Valley Authority (TVA). Lacking such 
pronouncement, Professor Mead calls attention to certain estimates in ‘‘testi- 
mony before the House Appropriations Committee’! (see heading, ‘‘Govern- 
ment Interference as a Permanent Policy: Power’) in 1936 wherein the 
“estimated annual power expense” of $12 191000 was arrived at by taking 
9% of $135 450 000, the investment in ‘power houses and power facilities”’ 
only. Obviously, such an assumption will not generally be accepted as a 
basis for determining a power production “‘yardstick.”’ 

An engineer would normally analyze the basic data in quite a different 
manner. The usual method to obtain the investment base which may be 
supported by a given gross income is to divide the gross income by the per- 
centage of annual charges. Those acquainted with water power costs will 
generally agree that a total of 10%, with interest at 6%, is usually adequate 
for annual charges in the case of large, privately owned water powers; and 
if interest is assumed at 3.5%, the annual charges become about 7.5 per cent. 
In the case, however, of such projects as those constructed by TVA, with 
possibly as much as one-half the project cost invested in reservoirs (including 
highway and railroad relocations, which involve very little maintenance and 
operation and no depreciation), one may use a lower percentage for annual 


Norr.—This Symposium was presented at the meeting of the Engineering-Hconomics 
and Finance Division, Boston, Mass., October 7, 1937, and published in February, 1938, 
Proceedings. Discussion on this Symposium has appeared in Proceedings, as follows: 
March, 1938, by J. K. Finch, M. Am. Soc. C. H.; May, 1938, by Messrs. Elliott J. Dent, 
C. Frank Allen, Bradley G. Seitz, Alfred Allen Stuart, Pierce P. Furber, R. F. Bessey, 
Donald M. Baker, and Philip W. Henry; and June, 1938, by Messrs. H. K. Barrows, Harry 
A. Wiersema, J. D. Galloway, H. S. Martin, and K. Bert Hirashima. 

%1 Cons. Engr. (Ayres, Lewis, Norris & May), Ann Arbor, Mich. 

%1a Received by the Secretary May 27, 1938. 

11 First Deficiency Appropriations Bill, March, 1936. 
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charges than in projects involving relatively larger proportions of the invest- 
ment in structures and equipment. A value as low as 6.5% was used by H. K. 
Barrows, M. Am. Soc. C. E.,” in computing fixed charges on Boulder Dam, 
Bonneville, Grand Coulee, and the TVA projects. In the writer’s opinion 7% 
is sufficient, under TVA conditions, to cover all charges, including interest, 
depreciation, taxes (as assessed under private ownership), insurance, operation, 
and maintenance. Furthermore, if the ‘‘estimated gross annual wholesale 
power revenue” of $23 120 000 is.divided by 0.07, the investment base, or the 
production “yardstick” of TVA becomes $330 000 000. 

However, Professor Mead questions the TVA estimates of annual income, 
first as regards the amount of output that may be utilized, and second as 
regards the average unit revenue that may be obtained therefrom, based on 
the rate schedules now in effect. 

As to saleable output, Professor Mead states (see heading, “(Government 
Interference as a Permanent Policy: Power’’) that the ‘‘estimated output is 
based on continuous efficiencies of more than 80%,” and infers that “other 
losses due to plant use, transmission losses, transformer losses, and losses due 
to regulation for navigation and flood prevention” have been overlooked. 
This is not in accordance with the writer’s understanding. In the TVA 
report to Congress, March, 1936, entitled ‘‘The Unified Development of the 
Tennessee River System,” the estimate of 660 000 kw of continuous capacity 
was qualified by the sentence: “‘By continuous power is meant the dependable 
power which would be available 24 hours of the day and 365 days of the year 
after suitable deductions for expected and unavoidable water and energy 
losses.” The writer understands that these deductions included restrictive 
assumptions as to flood control, allowances for navigation, evaporation, leakage, 
and seepage, and a final utilization factor of 90 per cent. In effect, all deduc- 
tions, together with normal allowances for unit efficiencies, approximated an 
assumption of utilization at the switchboard of less than two-thirds of the 
theoretical power of all firm water, which is a somewhat more conservative 
basis than Professor Mead’s 80% of 80% or 64%, including transformer and 
transmission losses. 

As to average annual unit revenue, Professor Mead presents, incompletely, 
the TVA wholesale rate schedule and concludes: ‘‘From these rates it is evident 
that the annual returns, if and when markets are found for the entire output, 
cannot average as much as 3 mills per kw-hr.’’ Such a conclusion can hardly 
be drawn, from the rate schedule considered, as the demand charge alone of 
90 cents per kw per month amounts to 2.46 mills per kw-hr, at 50% load factor, 
and the lowest step in the energy charge is 2.0 mills per kw-hr. Hence, 
wholesale power, purchased in large blocks under this schedule, would cost 
more than 4.46 mills per kw-hr, if a load factor of 50% obtains, as assumed by 
Professor Mead. One must assume 100% load factor to obtain a value approxi- 
mating 3 mills, and then only because energy purchased in any month in 
excess of 360 times the demand is subject to a reduction of 0.5 mill per kw-hr. 
Also, energy purchased at the Authority’s switchboard is subject to a further 
reduction of 10 per cent. These conditions of the schedule could account for 

® Proceedings, Am. Soc. C. H., April, 1938, p. 698. 
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the press dispatches of sales to ‘‘a chemical company,” referred to by Professor 
Mead, of “‘firm power” at 2.74 mills per kw-hr. However, no one will assume 
that any considerable portion of TVA output will be sold at 100% load factor. 
If it is used to the best advantage eventually much of the output will be 
produced at 40% load factor or less, and will return a unit income of 5 mills or 
more. That firm power can be produoea at 40% load factor or less may be 
judged from the fact that the total installed machinery contemplated is 
1 922 000 kw, or slightly less than three times the estimated 660 000 kw of 
24-hr firm power. Hence, it would seem that the TVA estimate based on 
4 mills per kw-hr for firm output is conservative, having in mind the best 
ultimate use of this water power. 

In addition to the firm output, however, there will be a considerable 
production of secondary power. Professor Mead is ‘‘aware that contracts 
have already been made to supply a considerable quantity of such power.” 
Why should the income from secondary power be neglected? It would not 
be overlooked in a private undertaking. Professor Mead refers to press 
dispatches quoting sales of “12 000 kw of ‘run-of-river power,’ at 2.27 mills 
per kw-hr.”” Although there seem to be no published estimates of the amount 
of this secondary power, it would probably be not less than 2 000 000 000 kw-hr 
annually and would have a potential value of from 1 mill to 2 mills per kw-hr. 

Assuming an average return of 5 mills per kw-hr for firm power and 1.5 
mills per kw-hr for secondary power, the gross annual income amounts to 
about $32 000 000, which sum, capitalized at 7%, results in an investment base 
of $457 000 000; or, assuming 4 mills per kw-hr only for firm power and 1 
mill only for secondary power, the annual income is computed to be about 
$25 000 000 and the investment base, $360 000 000, which is still in excess of 
Professor Mead’s estimate of $353 150 000 as the proper “‘total cost of power 
installation.” 

An important hurdle in the path of any general agreement as to a proper 
power production “yardstick” is the allocation of total expenditures to the 
several purposes of navigation, flood control, and power. In determining his 
‘allowance for navigation, Professor Mead refers to the Army Engineers’ 
estimate of $74 709 000 for ‘‘navigation works with low locks and dams,” 
agrees “‘that the higher dams will possibly improve navigation facilities,” and 
concludes that “say, $90000000 for this purpose might be warranted.” 
More recent estimates of the cost of a 9-ft channel, from Paducah, Ky., to 
Knoxville, Tenn., to the same standards as those used on the Upper Mississippi 
and Ohio Rivers, are much higher than the older estimates. In January, 
1938, C. T. Barker, Assoc. M. Am. Soc. C. E., Head of the Navigation Section 
of TVA, testified in the constitutionality case in Chattanooga, Tenn., that to 
secure a navigable channel meeting present standards and requirements, by 
means of a series of low dams, would cost $144072 700. If one assumes, 
therefore, that navigation may properly be charged with an amount sub- 
stantially equal to what it would cost to provide the equivalent facilities by 
works constructed solely for that purpose, Professor Mead’s allowance should 
be increased by at least 60 per cent. Obviously, the low-dam scheme would 


16H. R. Doc. No. 328, 71st Cong., 2d Sessions, p. 5. 
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involve greater operating, maintenance, and dredging costs than the high-dam 
scheme which is being built, and would be less desirable for this and other 


reasons. 


In the matter of flood protection, it may be recalled that the Army Engi- © 


neers estimated that about $45 000 000 would prevent the maximum possible 
damage on the Tennessee River. Professor Mead allows $36 000 000 only, 
although he adds that “indirect damages might warrant some additional 
expense.” In the “Comprehensive Report on Reservoirs in Mississippi River 
Basin,’ there is a list of 21 reservoir sites in the Tennessee Valley which 
would provide 10 188 100 acre-ft of flood storage at a cost of $167 282 000, 
or $16.40 per acre-ft. This is part of a list of 81 reservoirs in the Ohio Valley 
with a total storage capacity of 25 285 400 acre-ft at $20.40 per acre-ft; part 
of a total of 106 reservoirs up stream from Cairo, Ill., with 52 853 400 acre-ft, 
at $15.70 per acre-ft; and part of a grand total of 151 reservoirs, above the 
latitude of Red River Landing, La., with a total capacity of 98 677 900 acre-ft, 
at $11.40 per acre-ft. If one then assumes a value as low as $11.40 per acre-ft 
for the approximately 9 000 000 acre-ft of flood-control storage, provided by 
the TVA projects, the total is about $100 000 000. 

Professor Mead quotes Mr. Morgan as testifying’ in 1936 that the ‘‘value 
of the flood protection feature will be worth $100 000 000 to flood protection 
. on the Lower Mississippi River.” This value was based on the cost of raising 
Mississippi levees 3 to 4 ft, or the estimated lowering effect of TVA dams on 
a maximum Mississippi River flood. Carl A. Bock, M. Am. Soc. C. E., 
Assistant Chief Engineer, TVA, has stated™ that the reservoir value of Gilberts- 
ville alone ‘‘in protection to lands and improvements in the upper portion of 
the alluvial valley of the Mississippi River has been conservatively estimated 
to be approximately $90 000 000.” Professor Mead, however, discards these 
benefits as problematical and outside the ‘‘primary objective of TVA,” although 
under the TVA Act, as amended, the Authority is empowered ‘‘to construct 
such dams and reservoirs as * * * will best serve to * * * control destructive 
flood waters in the Tennessee and Mississippi River drainage basins.” 

On the basis of the foregoing assumptions, one might evaluate the multiple- 
purpose project as follows: 


Percentage 
Purpose Total of total 
Power. teeter eee teen eee e ee eens $360 000 000 56.2 
INAvigation 2... Siete eee ee, eee 144000000 22.5 
Pidod control} ies one Ree ea 136 000 000 21.3 


Tennessee Valley (ac- 

cording to Pro- 

fessor Mead) .... $36 000 000 
Mississippi Valley (ac- 

cording to Mr. 

MOT rane. ee eee 100 000 000 


Total ena erie ee aie $640 000 000 100.0 


% H.R. Doe. No. 259, 74th Cong., 1st Session, p. 46. 
+6 Testimony before Appropriations Committee, 1936. 
4 Engineering News-Record, April 7, 1938, p. 500. 
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The increase in the size of the Gilbertsville and Fontana Dams, since 
1936, and added generating units at several plants have raised the estimated 
total cost of the eleven projects, exclusive of transmission lines, according 
to testimony before the House Appropriations Committee (Independent 
Offices Appropriations Bill for 1939), to about $505 000 000; and, if 56.2% 
of this sum is chargeable to power production, the power “yardstick”? becomes 
about $285 000 000. In the writer’s opinion, a proper allocation to power, 
exclusive of transmission line costs, should not exceed $300 000000. Such 
an allocation would be $60 000 000 less than the investment base, indicated 
herein, upon which the gross estimated income, from a fully developed market, 
would pay all charges; and, hence, $60 000 000 might be assumed as available 
for interest deficits over a period of market development. In other words, 
on this basis, if the market could be fully developed by, say, 1950, the projects 
would pay all charges on a fair power “‘yardstick,” assuming 7% for annual 
charges and the sale of all firm output at 4 mills and all secondary output at 
1 mill per kw-hr. 

Professor Mead states that: “Steam power can certainly be generated in 
the Tennessee Valley for not to exceed 4 mills per kw-hr.”’ If this statement 
is premised on a load factor of 50%, as one may infer from the context, it is 
believed: by the writer to be too low if all costs are considered. Units have 
been added to plants where the incremental cost was 4 mills per kw-hr at 50% 
load factor, and plants containing one or two large units, without reserve, may 
be as low as 4 mills per kw-hr; but a more representative cost of steam power 
in this area, with all charges considered and adequate reserve provided, can 
be shown to be 5 mills or more for energy at 50% load factor, construction 
costs at $85 per kw of installed capacity, and coal at 12 cents per million Btu. 

Thus, the engineer may conclude that the Tennessee Valley projects are 
sound, based on the usual analyses. The construction work done is certainly 
excellent, as one might expect from the competent engineering personnel 
that has designed and constructed the projects. The cost of producing power 
is certainly comparable with, if not less than by, steam substitution; and, 
the value of the energy will be enhanced as it is utilized in a more fully developed 
market. The principal economic difficulty involved at present would appear 
to be one of market, and that in turn is largely dependent upon the settlement 
of a controversy. One may not condemn the TVA on the basis of switchboard 
costs. The real TVA controversy is not at the switchboard but at the con- 
sumer’s meter. One deals in mills at the switchboard, but in cents at the 
consumer’s meter. Most of the “yardstick” is beyond the switchboard. It 
would seem to be a safe assumption that if the TVA output were allowed to 
be sold at the switchboard to existing utilities, on the basis of existing TVA 
rate schedules and without “strings attached” to its use, substantially the 
entire output would soon be disposed of, to the mutual advantage of both 
the Government and the purchasers. However, TVA has not seen fit to stop 
at the switchboard. It insists on lower rates to the ultimate consumers, and 
its policy in this regard is the real cause of all the acrimonious controversy. 
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Joun H. Mevursinex,® Assoc. M. Am. Soc. C. E. (by letter).%*—For a 
period of 300 000 yr human beings have tried to make a living by exploiting 
the natural resources of the earth to the extent that such exploitation did not 
tax the human intelligence beyond capacity. While this knowledge was 
growing in power, Magn learned to develop new resources; but it was not until 
rather recently that he awakened to the fact that each newly developed con- 
trivance meant another change in the social organization in which he happened 
to live. 

Man has paid dearly for his insufficient knowledge by disastrous warfares 
and expensive social experiments. It was by the method of trial and error, 
and by reshaping his previous efforts that he was carried along the road of 
progress. The public works policy of the present Administration, for instance, 
adds another adventure to the long list of hazardous occurrences which mankind 
has encountered during his eternal journey. This policy will reflect upon the 
society of to-day. 

Although this may seem very important to contemporaries, nevertheless 
the present public works policy should be considered as nothing but an in- 
finitely small link in an inexhaustible chain of events which has carried technics 
through five phases (there will be more) to its present peak in the United States 
(see Table 9). 


TABLE 9.—TuHeE RELATION BETWEEN THE EVOLUTION OF 
TECHNICS AND OF SOCIETY 


Social unit 
and center 
Phase | Power pressure | Material resource | of produc- | Occupation Civilizations 
tion and 
distribution 
il Seeds, roots, and | Grasses, leaves, Individual | Jungle man | Ancient tropical cultures 
fruits _ and leaf wood 
2 Men, animals, Manure, skin, and| Family Hunter Indians of North American 
and fire bones plains; Magdaleniun cul- 
; : , ; tures in Europe 
3 Slaves, agricul- Clays, bricks, and | City Farmer Aztecs, Mayas, Incas; 
tural products, natural stone Chinese, Babylonians, 
and domestic Assyrians, Arabs; Egyp- 
animals Sethi erases and, 
reeks an omans 
4 Stone, water, and | Cotton, fir wood, Nation Business Portugal, Spain, Northern 
wind and glass man paras Hotes: France, 
5 . and Englan 
5 Coal, oil, and nat-| Metals World Industrial Austria, Germanys United 
ural gas’ worker States, and Russia 


* Electricity is a power created from the resources of Phases 4 and 5. 
+ Material resources of Phase 6 are rubber, aluminum, and magnesium. 


* 


Phase 1.—According to the best available knowledge, Man’s first ancestors 
lived in the tropics (the Java Man). Seeds (grains), roots (vegetables) and 
fruits were his food. Grasses, leaves, and leaf wood made up the materials for 
construction. The social organization consisted of “individuals.” The 
women took care of the children. This type of social organization is rarely 
found any more. Even in the most remote parts of the jungle, newer phases 
have shown their reflection upon this kind of society. 


* Structural Designer, General Petroleum Corporation of C 
t alifornia . 
%a Received by the Secretary July 11, 1988. Babies 2 
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Phase 2.—The hunter’s period comes next. Man’s technical ingenuity had 
a tremendous influence upon the society in which he lived. He invented tools 
with which to kill, and the social result was marriage, or the establishment of . 
the “family.”°* To his vegetarian diet the jungle man began to add the 
meat of the game. Soon he was not confined to the tropics; Man migrated 
on to the plains where meat, quite often, became his exclusive food. Fire kept 
him warm and manure, skins, and bones were added to the construction 
materials. The women were physically unfit for the hunt, and, consequently, 
they became dependent upon the males. Technics had accomplished its first 
change in society. 

The Indians of the North American plains, and the Magdaleniun cultures 
which appeared in Europe about 25 000 yr ago are representatives of Phase 2.%” 

Phase 8.—Technical accomplishment kept pace with the ever-growing 
population. Improved technics made possible the exploitation of plants, 
animals, and slaves. The new materials—clay, brick, and natural stones— 
were used for roads, bridges, and houses. An entirely new type of society, 
which revolved about the farmer, came into existence. Specialization in 
farming and the instinct of self-preservation gave birth to the “‘city.”” Man- 
kind had stopped roaming. The Aztecs, Mayas, and Incas in the Americas; 
the Chinese, Babylonians, Assyrians, and the Arabs in Asia; the Egyptians 
and Phoenicians, in Africa; Greeks and Romans in Europe, were the great 
civilizations of this era (5 000 B.C. to 1000 A.D.). 

Phase 4.—The next step in this evolutionary process was the exploitation 
of wind and water for power resources; cotton, fir wood, and glass for construc- 
tion materials. Portugal, Spain, Northern Italy, with Florence and Venice, 
Holland, France, and England, which countries happened to have the resources 
of this phase, carried civilization to new peaks. This era has been named 
eotechnics by Lewis Mumford. Technical accomplishments could prove 
another change in society; the city had grown into a “‘nation’’; and, as all the 
countries of this phase had acquired colonies, a new type of occupation had 
arisen; the trader or business man was added to the jungle man, hunter, and 
farmer. 

Phase 6.—France and England had both shown the signs of a new phase. 
The underground resources were ready for extensive exploitation. A new type 
of technical complex, called paleotechnics by the late Professor Patrick Geddes, 
used coal, oil, and natural gas for power, zinc, copper, nickel, cobalt, iron, 
manganese, chromium, vanadium, and titanium for construction materials. 
Judging by contemporary developments, Austria, Germany, the United States, 
and Russia will make the most of these resources. Their technical accomplish- 
ments created the ‘industrial worker’? as a new occupation, and his inter- 
national relations point to the entire world, instead of to the nation, as his 
social unit. 


9‘ Kulturgeschichte der Menschheit in ihrem organischen Aufbau,” by Julius Lippert, 
Verlag Ferdinand Enke, Stuttgart, 1886. Partly tr. by Peter Murdock, Assistant Professor 
of the Science of Society in Yale Univ., under the title, ‘‘ The Evolution of Culture,” Mac- 
millan Co., New York, 1931. 

97 The New Stone Age in Northern Europe,” by John M. Tyler, N. Y., Charles 
Scribner’s Sons, 1 i 

9%‘ Pechnies and Civilization,’ by Lewis Mumford, Harcourt, N. Y., 1934. 
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Technics developed Man from a jungle man into an industrial worker; it 
developed his individualism into internationalism. The relation between 
technics and social organization cannot be denied. Lewis Mumford®® ex- 
presses this relation as follows: 


“While each of the phases roughly represents a period of human history, 
it is characterized even more significantly by the fact that it forms a tech- 
nological complex. Each phase, that is, has its origin in certain definite 
regions and tends to employ certain special resources and raw material. Each 
phase has its specific means of utilizing and generating energy, and its special 
form of production. Finally, each phase brings into existence particular types 
of workers, trains them in particular ways, develops certain aptitudes and 
discourages others, and drains upon and further develops certain aspects of 
the social heritage.” 


Although each new phase has always strongly reflected upon the civilizations 
in existence, the old civilizations were never able to regain their positions as 
world powers by adopting the methods of the newcomers. Most interesting, 
however, is the fact that they always reluctantly adopted the new ways, and 
hence always hastened their own decline. Another interesting phenomenon 
is the fact that the process has been evolutionary. No sharp lines can be 
drawn between the phases as they penetrate each other. 

The typical worker of each phase believes in the economics of his own 
phase only. The man of the jungle claims that it is uneconomical to be 
hampered by women and children in his forays; the hunter claims that it is 
uneconomical to build the city; the farmer objects to the national policies of 
taxing imports; and the business man cannot understand why the worker 
should spend a part of his wages on international causes. 

The five phases have not only developed five different societies and five 
different occupations; they have developed five kinds of economics. Although 
eotechnics (Phase 4) developed the economics of investment, interests, and 
profits, the jungle man (Phase 1), the Eskimo (Phase 2), the farmer who wrings 
his entire living from the soil (Phase 3), and the industrial worker (Phase 5), 
the world over, are rather indifferent to the economics of dollars and cents. 

Here the conclusion may be drawn that these economics are limited to 
Phase 4. Economics is as much subject to the rules of evolution as anything 
else. Hach of the authors of the Symposium overlooked this phenomenon. 

The Symposium resembles the skillful work of a photographer. All the 
details of the subject have been shown with painstaking accuracy. The 
exposure has been well timed. Unfortunately, however, the camera has been 
placed so closely to the subject that only a limited field could be covered. It 
has been taken from the “eotechnical point” of view (Phase 4). 

_ The science of economics is concerned with the production and distribution 
of the necessities of life. How has this been done since Man has been on 
earth? The jungle man searched the vicinity of his abode. The hunter 
could not leave his home for fear the fire might go out. Hence, the family 
assisted in production and distribution. In the next phase the srecialivanien 
in farming made the city the center from which the goods produced were dis- 
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tributed. In the fourth and fifth phases, the city was replaced, respectively, 
by the nation and the world. 

The production and distribution center could not have grown in size so 
continually, had it not been for the aid of technics. Engineering accomplish- 
ments made possible better and faster production and transportation. Hence, 
engineering economics should embrace the problem of making ‘‘necessary”’ 
additions to the production and distribution system. These additions should 
keep pace with the evolutionary growth of the system. ’ 

Unfortunately, the science of the evolution of economics is still so much in 
its infancy, and it is looked upon with so much suspicion, that it is rather 
fruitless to discuss engineering economics until some kind of an idea has been 
formulated as to what kind of economics and technics Phases 5 and 6 will 
eventually create. Hence, it is impossible to say whether or not the present 
public works policy (addition to the production system) is economically 
warranted. Those who criticize and those who acclaim it are simply giving 
vent to their emotions. It behooves the engineer to approach this problem 
from a scientific angle only. 

Conclusion.—The civilizations of each phase have been dominated by the 
occupations created by that phase; but this does not mean that the occupations 
of the preceding phases had no place in their society. Their place was deter- 
mined by the age of the phase to which they belonged. 

To-day, for instance, in the United States the jungle man (Phase 1) and 
the hunter (Phase 2) have disappeared. The farmer (Phase 3), the business 
man. (Phase 4), and the industrial worker (Phase 5) are still in existence, and, 
whereas the farmer’s influence upon society is on the down grade, that of the 
industrial worker is on the up grade. The same can be said about the centers 
of production and distribution. The old evolutionary law is to-day as keenly 
felt as it was 300 000 yr ago. 

During all this time the civil engineer has kept the road of progress in fairly 
good condition. Whereas the jungle man (Phase 1) was not in need of trans- 
portation, the hunter (Phase 2) needed trails; and the farmer (Phase 3) who 
traveled by wagon or on horseback, needed roads. The eotechnic (Phase 4) 
people who used sailing ships for hundreds of years needed the civil engineer 
to build and maintain canals and harbor works. 

To-day, the paleotechnical (Phase 5) people are going forward in gasoline 
propelled engines, and the road of progress is in need of improvement. Grades 
and curves must be brought up to modern standards to eliminate obstructed 
views. Increased width should give ample room for the farmer (Phase 3), 
the business man (Phase 4), and the industrial worker (Phase 5) alike. Danger 
and speed-limit signs should keep the evolutionary traffic at a moderate speed; 
and swift justice should be dealt to those dangerous individuals who insist on 
driving in reverse “back to normal.’”” They endanger the lives of millions of 
their fellow men. j 

If the civil engineer will build this ‘‘road” properly it will lead to a society 
in which the social rights of each occupation are determined by the importance 
of the relative natural resources to society as a whole. 
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Samur. B. Foux,%? Assoc. M. Am. Soc. C. E. (by letter).9°*—In succinct 
manner Mr. Fay has shown the advantages of orderly planning. The next 
logical step is to note what can be planned. The Administration’s budget, as 
released to newspapers on January 5, 1938, lists: 


General Public Works: 


PTE A' peo c Ale Wie hve sp brated eae ee aR RE Se $ 46 000 000 
COmIMErCe -s*. Feat ee ota haa d 1 850 000 
TI LOTLO Vine iy oe cca ec ea ee eee De 55 973 100 
STAR a ee I aes a ee Bet Ea he Sete ahd SMS ae 2 041 200 
SET AEE ame Ane ea I EOL pe ok me ILS UAT et 3 400 000 
SERGBAUEY ant. isi. atts aks ae aap ce TS ae 58 107 000 
Public Works: 

ALIGN WAY Scot, ek na cine ae iowte REE ate eee $104 640 100 
Rivers and Harbors sc ee cee se ate 36 168 000 
Bural electriicatiomen. pists cs toot ae iiens 39 514 800 
Other:publie worksess 4.ay Sete fen eee ee 200 049 300 

A We) :) VOPRREE. ah tc OTP BR A cs carl Ms an ob Se $545 743 500 


No amount of orderly planning of $600 000 000 will keep the pendulum of 
prosperity swinging when the total construction in the United States drops 
from $12 000 000 000 in 1928 to $4 000 000 000 in 1934 (see Table 1). How- 
ever, it can help it keep a small oscillation, when the essential factor is to keep 
it from stopping entirely. Hence, engineers should analyze the types of 
public works that can be planned in an orderly manner and they should propose 
a program designed to help keep the wheels moving to elevate the standard of 
living. Among the numerous public works projects that (a) can be planned 
in advance; (b) can be at least partly liquidated; (c) will add to the well-being 
of the nation; (d) will reduce the cost of crime; and incidentally (e) will assist 
in returning the engineer to a respectable place in the mind of society—is 
public housing. Since this activity does not compete with services already 
offered by private corporations it is not in the category of some of the other 
projects mentioned in papers of this Symposium. Early in 1933 the idea that 
private initiative could satisfy all housing needs was abandoned. A small 
beginning has been made on sound principles, which the authors of these 
papers must surely endorse:! 


“The PWA housing program produced fifty-one sound, w j 
which afforded a total of approximately 22,000 living ee eee 
averaging $5.65 per room per month had been established on 23 of them when 
the program was transferred to the United States Housing Authority. This 
figure was the ‘shelter’ rent and an additional charge of $1.82 per room per 
month provided heat, hot and cold water, electricity for lighting and cookin 
or gas for cooking if that fuel was to be used. At these low figures, formed 

% Associate Prof. of Mechanics, Oh ; 
%a Received by the Secretary he nates ce fh eratcihak 
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slum dwellers obtained good shelter, ample light and air, modern equipment 
and generally salubrious surroundings. 

“The average income of the families in the PWA projects is low, and every 
family admitted was taken from substandard housing. In one of the Mont- 
gomery, Alabama, projects, the average income of tenants is $12.50 per week. 
ee Atlanta, it is $22.11 per week; in Atlantic City, $26.46, Miami, 


When it is realized that this has been done in spite of the advance in ma- 
terials prices, high costs, and high taxes, it is even more remarkable. In 
reference to the general property tax on urban improvements, Harold M. 
Groves, Professor of Public Finance, at the University of Wisconsin, has 
remarked :!° “Tt seems odd that we should have singled out for especially heavy 
taxation under the property tax, an interest which we now seek to subsidize 
as ‘low-cost housing’.”’ 

Regarding the high prices, the U. 8. Bureau of Labor Statistics gives the 
relative wholesale prices of important building materials cited in Table 10.1% 


TABLE 10.—Rewattve WHoLESALE PRICES OF BuILnpING MATERIALS 
(1926 Eauats 100) 


Average | Brick . Plumbing Struc- Other as 
for : and Cement | Lumber ety and tural building ee 
year tile ete. heating steel materials 
1929 94.3 91.8 93.8 94.9 95.0 98.1 97.7 95.4 
1932 77.3 77.2 58.5 (PLEO 66.8 80.9 79.5 714 
1937 93.5 95.5 99.0 83.4 78.8 113.2 99.1 95.2 


It will be observed that, although the national income in 1937 was only a 
little more than two-thirds of that in 1929, the prices of all building materials 
were almost exactly those of 1929 and land costs were still held at exorbitant 
values by real estate speculators who bought before the Government could get 
possession of the land for housing projects. These data are affirmed by re- 
ports! that construction costs are up 9% in 1938, as compared with 1937. 
Private initiative can do little against these odds to provide housing at the 
pocket-book level of the lowest quarter of the population. ‘No industrial 
organization is equipped to produce the kind and amount of houses we need, 
while conditions within our cities are such as to discourage rather than en- 
courage industry in so equipping itself.’’!°4 

To indicate further the complexity of the private building industry, a study 
of the Knickerbocker Village project in New York City accommodating about 
1 600 ‘“‘white collar’ workers and their families, has been made.’ The ma- 
terials cost $2 636000; labor, $2020000; overhead, $1 561 000; and land, 
$3 250000. To reduce labor costs 25% (labor received an average of $1.15 
per hr), as has so often been suggested, would have reduced the cost 5% and 

101‘ What to Do About Taxes,” New Republic, December 29, 19387. 


102 Peoples Lobby Bulletin, March, 1988. 

108 Business Week, May, 1938. “- ; 

4o4 «Gan America Build Houses,’ Pamphlet No, 19, Public Affairs Committee, p. 4, 
New York, N. Y. 

15 Fortune, June, 1938, 
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would have reduced the rentels only 3.3 per cent. This does not indicate that 
any one factor is blameless, but that modern methods, reduction in land costs, 
materials, and overhead, Government subsidy, or outright Federal housing 
might be the best solution. 

From these data it is observed that the engineer’s attack on public works 
as a solution to prosperity must start much deeper than the Symposium 
indicates. Even after reducing the problem to fundamentals, pressure will be 
discovered from unexpected sources. Architecture is still very conservative, 
as it relates to public construction, and financial interests oppose any radical 
change of types of buildings, as may be noted in the following:1°* 


“When recently the mechanized industries, particularly in metal, entered 
the housing field with the production of ‘Prefabricated Houses,’ they were met 
by the resistance of property holders, especially of the banks, who hold mort- 
gages on about 58% of 1933 value of all urban real estate, and who fear that an 
influx of cheap modern dwelling would subtract substantially from the market 
value of existing structures.” 


Professor Mead has mentioned the interference of Government in business 
(see ‘The Record of Government in Business”) but has neglected the inter- 
ference of business in Government. Much legislation is lobbied by trade 
associations that want, as John T. Flynn, the Economist, has stated :!°7 “Less 
Government in business for me; more Government in business for the other 
fellow.” All want tariffs, subsidies, and laws. Contrary to Professor Mead’s 
opinion, Government in industry has not always been so unsatisfactory. Ina 
brief discussion, data cannot be cited of the success of public water-works, 
electric plants, highways, bridges, and ferries. There are projects more 
extensive in scope and area, however, than any one State could undertake and 
expect success. On the other hand, to be fair, one should note that many 
private ventures are failures. The railroads have been built and maintained 
with constant subsidies from the Public Treasury. The story of the financing 
of the systems is not entirely creditable. Private initiative could not under- 
take a comprehensive policy of regional development of the Tennessee Valley. 
Even if it could, many think it is better to have it developed by Federal 
authority in order that the social shocks can be absorbed. 

The social effect may be as important as that of many past technical inven- 
tions. History has recorded the opposition to nearly every milestone in 
progress. Note the law sought to prevent the use of coaches in Hungary in 
1523,1* the opposition of the turnpike companies who profited by tolls, and 
the objections of canal owners to the railroads. The list reads like a bathioe 
of inventions—air-brakes opposed; objections to electric locomotives on account 
of capital equipment loss, to subways, interurbans, and trucks. Steamships 
were opposed by the British Navy. The telegraph companies had a chance 
to buy the telephone, but chose to fight it. Bath-tubs were opposed legislated 
against, and taxed. The newspapers fight the radio news. Just Bie History 


ee __ A ae a ak ee sat 
106 «6 ‘ = B Oe 
1987, p. pachuological Trends and National Policy,” National Resources Committee, June, 
* Syndicated column in The Columbus Citizen and other newspapers February 5, 1936. 
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is writing the opposition to TVA, predicated on the idea that honest people 
have invested in public utility securities. Fate, however, is not cognizant of 
the honesty of men when new inventions cause obsolescence of old ideas and old 
methods or when financial jugglers out-manipulate the investor by pyramiding 
holding companies. Progress cannot be halted even if bankruptcy is in order 
for some industries. ‘In all previous depressions,” states Professor Mead, 
“the responsibility for recovery has been met largely by the business interests 
of the country” (see “Government Function in Business Recessions and Re- 
covery”). He should further note, as all business leaders did, that in all 
previous depressions there was not the large debt structure that burdened the 
country as in 1929, and that business beat a path to Washington demanding 
that Government “do something” about the sorry state of affairs. Previous 
depressions were ended when debts were written off, and agriculture and 
industry started anew to spend for consumptive products, including new 
inventions which employed a large amount of help. All efforts in this de- 
pression were in the direction of saving the debts and creating new ones, thus 
ear-marking nearly all income for interest. This is neither bankruptcy nor 
progress. 

With his further statement that “The Administration has also urged the 
engineering schools to teach their students to consider not only the design and 
construction of engineering works but also to study and determine their ulti- 
mate effects on society” the writer, as an educator, agrees wholeheartedly. 
Most graduates leave college ignorant of the effect of science on culture, and 
new developments “hatch” so rapidly that the graduate never catches up, but 
remains saturated with the narrowness of his specialty. One required reading 
of the “Social Effects of Inventions” and ‘‘Resistances to the Adoption of 
Technological Innovations”!°® might open the doors to a wider knowledge of 
the effect of their own engineering work on society. 

' With regard to his opinion that “power development as an objective is not 
a legal function of the Federal Government”’ (see ‘‘Government Interference as 
a Permanent Policy: Power’’), reference should be made to the Ashwander »v. 
Tennessee Valley Authority case (56 U.S. 466) in 1936 when the Supreme 
Court held that, ‘the Wilson Dam and its power plant must be taken to have 
been constructed in the exercise of constitutional functions of the Federal 
Government.” Further, in Tennessee Electric Power Co. v. Tennessee Valley 
Authority (Fed. Supp. 947 District Court Tennessee E.D.) the Court held: 


“The Court is of the opinion that the relative value of these various plans is 
immaterial, since it has been established that the TVA project is reasonably 
adapted to use for combined flood control, navigation, power, and national de- 
fense, and that in actual operation the creation of energy is subordinated to 
the needs of navigation and flood control. * * * The dams and their power 
equipment, both constructed, under construction, and authorized, must be 
taken to have been authorized, constructed and planned in the exercise of the 
constitutional functions of the Government. * * *” 

“While the Government, in selling property of the United States, performs 
many functions, that would be performed in the operation of a private business 


109 “« Technological Trends and National Policy,” Sections III and IV, National Re- 
sources Committee, June, 1937, pp. 24-66. 
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trading in similar property, inasmuch as the energy sold is created at dams 
lawfully erected within the Federal power, the Government in performing these 
functions is not entering into private business. It is merely using an appropri- 
ate method of disposing of its property. The Government may sell land 
belonging to the United States in competition with a real estate agency, carry 
parcels in competition with express companies, and manage and control its 
thousands of square miles of national parks even as a private company. The 
’ Government has an equal right to sell hydroelectric power, lawfully created, 
in competition with a private utility. * * * These complainants have no 
immunity from lawful competition, even if their business be curtailed or 


destroyed.” 


However, the essential problem is to develop a modern and progressive 
viewpoint by engineers, especially civil engineers, who by training and employ- 
ment are more closely affiliated with public problems than others whose work 
is allied with large industries not so closely tuned to the common weal. The 
civil engineer ought to be the first to recognize that “control of power is a 
social as well as an engineering and economic problem.’ This being true, 
perhaps some new methods of analyzing public projects must be devised. 
The price criteria set up by Mr. Morris L. Cooke might be used as a start. 
He suggests!!! that the primary principle underlying a national power policy, 
both as to wholesale and retail prices, should be service at the lowest reasonable 
cost to consumers, with the benefit of any favorable conditions attached to 
Federal ownership and operation. Factors involved in establishing the 
‘Jowest reasonable cost” are: (1) Rational allocation of the costs of multiple- 
purpose projects; (2) amortization of the allocated cost of construction during 
the life of the property; (3) interest; (4) taxes, as under the TVA, where a 
percentage of gross is paid to the States; (5) cost of maintenance; (6) cost of 
operation (administrative, commercial, technical); and (7), cost of direct 
promotion of more intensive use. 

Quoting Mr. Cooke: 


“Exceptions to this governing principle, in the form of sale at less than cost 
as computed by conventional accounting methods, should be allowed only on 
special occasion in a particular area as a means toward achievement of some 
_ objective important to the national welfare, to gain which would effect a proper 
relation between costs and benefits in terms of social accounting. * * * In 
place of maximum money profits accruing to private ownership, the objective 
pete ns, enterprise 1s maximum social benefits widely and equitably dis- 

ributed. 


Regarding the system of high dams, which Professor Mead states “is 
believed to have been built almost exclusively on account of power develop- 
ment,’ the testimony presented in the various engineering reports led the 
District Court, E.D. Tennessee, to state! its judgment that the improvement 
of the Tennessee River, from its mouth to Knoxville, by a series of low movable 


dams without power development, would have practically no effect on floods. 
n0 Vice-Chairman Basil Manly, of the F i 
National Resources Committee, Tie, 1937, ert het Commissign, uate) <ceege teas 


11“ Design for National Power Policy,” New Republic, March 2, 1938. 
4221 Fed. Supp. 947, District Court, B.D. Tennessee. 
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Referring to low-lift dams, it also declared that: 


“Such a waterway would be inferior to the high-dam developments and 
would not permit the economical development of power. * * * The board of 
engineers pointed out that in addition to having no value whatever for flood 
control, the 32 low dams, although less expensive to construct than the high 
dams, provided a navigation channel inferior to the high dam plan. * * * It 
concluded that ‘it is evident that the full utilization of the resources of this 
river for the public benefit requires its development of power and navigation.’” 


No engineer should object to a yardstick. It may not be ‘clearly dis- 
honest,”’ as Professor Mead states, but only a question of the type of yardstick 
required to measure the objectives sought. Mr. Cooke has defined it in clear 
terms :18 


“The advantages of public enterprise as a yardstick cannot be realized by 
attempting to set up a public enterprise in such a manner as to duplicate a 
private enterprise in every detail, and then comparing the two. They are 
essentially different kinds of institutions, with different objectives. Com- 
parison of the costs of identical component parts of technical operations by 
a uniform system of accounting can indeed be useful; but comparison of the 
costs of a public enterprise in its entirety is neither realistic nor practicable 
because of the variables involved. For instance, public agencies obtain their 
money at low rates and almost without exception amortize their investments. 
The private utilities, by their failure to amortize capital-debt, laid themselves 
open to the recent collapse of equity values. 

“Tt is a recognition of, and experiment with, the variables that is important. 
A public enterprise can make experiments and comparisons on many fronts 
that private enterprise cannot or will not make. It can explore such things as 
the advantages and disadvantages of mass consumption at low rates, the extent 
to which electricity can be used advantageously on farms, and the influence of 
productivity and the costs of good wages and superior working conditions. 
It can explore the part to be played by electricity as the ‘coordinating agent’ 
in the promotion of a comprehensive conservation program.” 


113 “* Design for National Power Policy,’’ New Republic, March 2, 1938. 
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FLOOD ROUTING 


Discussion 


By Messrs. E. L. MYERS, AND RALPH W. POWELL 


E. L. Myzrs,* M. Am. Soc. C. E. (by letter).***—In a definite and concise 
manner, this paper describes a method of arriving at probable flood discharges 
and gage heights in the Tennessee Valley. This is a most constructive piece 
of work and should prove of great assistance to engineers making flood studies 
of other streams. Until recently, little information was available as to the 
manner of arriving at flood stages due to assumed floods. An excellent report 
of & flood study of the Illinois River was published in 1929 by the Division of 
Waterways of the State of Illinois. It was used largely by the State Reclama- 
- tion Department of Texas in 1930 ina study of floods in the Trinity River. 

The conditions on the Trinity River and the Illinois River, no doubt, are 
quite different from those on the Tennessee River; however, the general 
formulas used are applicable in either case. The study of the Illinois River 
was complicated by the existence of many levee districts which also applies 
to the Trinity River in a lesser degree. The effects of reservoir storage entered 
into the Trinity River study, but not into that of the Illinois River. 

A noteworthy feature of the study of the Tennessee River as outlined in 
the flood-routing report is the small effect that reservoir storage has upon the 
magnitude of floods in the Lower Tennessee Valley. This is characteristic of 
most studies of flood control by reservoirs. In the case of the study of the 
Trinity River, it was found that prevention of floods by reservoirs was im- 
practicable and much more expensive than protection by levees. 


Raupy W. Powset1,** M. Am. Soc. C. E. (by letter).°**—Since the subject 
of flood routing is so important not only for flood forecasting, but also for the 
rational design of any system of control by reservoirs, the authors should be 


Notp.—The paper by Edward J. Rutter, Assoc. M. Am. Soc. C. E., and Quintin B. 
Graves, and Franklin F. Snyder, Juniors, Am. Soc. C. B., was published in Tenhee 1938, 
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thanked for placing the methods they have developed at the disposal of the 
profession. “It is not difficult to point to cases where primary decisions on 
levee systems or retarding-basin systems of the first magnitude have been 
[in the past] based on flood-routing computations of doubtful reliability.” 36 
When the writer compares the elaborate studies summarized in this paper 
with the crude methods he used when working on the same problem of the 
Tennessee River, in 1927, it is striking how much progress has been made in 
ten years. 

This is, as far as the writer knows, the first published method for routing 
floods through reaches affected by back-water from navigation dams, and it 
seems to solve the problem satisfactorily. The only questions the writer 
wishes to raise concern reaches not affectd by back-water—what the authors’ 
call ‘‘natural conditions.” In this case, cannot the method be simplified 
further? And cannot satisfactory routings be made without the cross-sections 
at frequent intervals upon which this method is based? 
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In an attempt to answer these questions the writer secured from the authors 
the continuation of Table 3 through January 12, 1927, and plotted S against 
O-+S and then against J+ 0+ 8. As was to be expected, in the first 
curve, S was definitely higher on the rising stage than on the falling stage 
for the same value of O-+ S. In the second curve, S was greater on the 


36 “ The Hydraulics of Flood Movements in Rivers,” by Harold A. Thomas, M. Am, Soe. 
CHS as iserng Bulletin, Carnegie Inst. of Technology, 1934 (revised 1987), p. 46. 
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falling stage than on the rising (for the same value of [+ 0+ 38), and the 
difference was larger than before. Trials were then made of 0.5 I + O+ 8; 
0.41+0+S; and, 0.37-+ 0+ S,.and it was found that the use of 0.4I 
gave the best agreement. The values are shown in Fig. 11; that is, in this 
case, in determining the storage in the reach, the up-stream flow seems to 
have a weight of 0.4 compared to 1.0 for the down-stream flow. 


TABLE 5.—VALUES OF i+ 1.4 Io+ Sy = (OF = 0.4 I,+ O.+ So, 
As CompuTEeD* From Fie@. 11 


3 & ry : FS <) 
mgs eo aie) ze a ae 
5 la a 5 sot ._ |e as Sot 
Q S 8 wo Py SS x > | 8 50 Ps) ty aw 
Beis Se |e | aig abd | VO eae aa | # riot 
Bele ) os |ge.| 8. | t2e% | + benl 3.) [g2_18 | tec ot 
° xt we Sf eee, x bs _ Qn ~ 4 a 
Aasias| S [S86] 8a}] ctit+ | Ss ASS/as] S [S86] aa] sti+ | S 
(1) | (2) (3) (4) (5) (6) (1) | (2) (3) (4) (5) (6) 
(a) CompuTaTIONS ror DECEMBER, 1926 (b) COMPUTATIONS FOR JANUARY, 1927 
21 45 18 37 48 185 1 129 52 166 205 294 371 
22 92 37 59 89 289 148 2 90 36 117 141 202 258 
23 | 119 48 102 139 405 241 3 63 25 80 97 161 177 
24 178 gl 142 192 565 334 4 58 23 60 78 136 138 
25 | 241 96 184 285 678 469 5 43 17 54 65 116 119 
26 | 240 96 228 354 715 582 6 44 18 42 56 114 98 
27 249 | 100 238 377 753 615 7 40 16 43 56 102 98 
28 | 261 | 104 248 | 401 744 649 8 36 14 39 49 92 88 
29 236 94 255 395 676 650 9 33 13 35 44 87 79 
30 | 214 86 238 352 566 590 10 32 13 33 41 82 74 
31 170 68 213 285 423 498 11 30 12 30 40 81 70 
= Sis ae pod Sey, AOL 65 12 29 12 30 39 Ne 69 


* As in Table 3, flows and storages are in units of 1 000 cu ft per sec and 1 000 acre-ft, respectively 


Using this curve, the values in Table 5 were computed. All the values 
of J, (Columns (1), Table 5) are taken from Table 3 (and its continuation 
supplied by the authors); O, and S; for December 21, 1926 (Columns (3) and 
(4)) are also taken from Table 3. From these, are computed J;+ 1.4 [2+ 8S, 
— 0, = 45+ 129 + 48 — 37 = 185 (Column (5)) which also equals 0.4 I» 
+ 02+ Sz for December 21, and 0.4J;-+ 0,+ 8S; for December 22, 1926. 
Subtracting 0.4 J; for December 22 (= 37) gives 0,-+ 8; for December 22 
(= 148). Entering Fig. 11 with 0.47 + 0+ S = 185 gives S, (Column (4)) 
for December 22 (= 89). Subtracting this from 0, -+ S; = 148 (Column (3)) 
gives O; = 59. The remainder of Table 5 was computed by a similar process. 
It should be noted that the values given are not those plotted in Fig. 11, 
except for the values of Z; but they differ from them only slightly. The 
maximum difference between any value of O and that computed by the authors 
for the corresponding day was four units on January 2, 1927, which is less 
than 4% and well within the probable error of the data. In fact, on 15 of 
the 22 days computed, the difference was one unit or less. It seems, therefore, 
that if this sample is typical, the channel storage can be computed with suffi- 
cient accuracy by this method wherever accurate hydrographs of one large 
flood have been obtained, without the necessity of a complete flood profile 
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and field surveys of cross-sections. All that is necessary is to make a rough 
estimate of the storage in the reach before the beginning of the rise (from 
the known length and assumed average width and average depth). Then, 
tabulating the known values of J and O, and starting with the assumed Sj, 
the other values of S can be computed by the formula, S. = S; +1, +1, 
— O; — Os, and a curve like Fig. 11 plotted; or, if preferred, one may start 
with an assumed storage at the end of the period and work backward. In 
cases where the data are insufficient for making an accurate estimate of the 
local and unmeasured tributary inflow, this backward order would be pre- 
ferred, and it is believed that it will be possible to construct a-fairly accurate 
curve of the type shown in Fig. 11 by using the falling stage data only. For 
this the unmeasured inflow will form such a small part of the whole that even 
the roughest approximation of it will introduce little error. As has been 
shown by Robert E. Horton,*” M. Am. Soc. C. E., beyond the point of inflec- 
tion of the hydrograph the flow is essentially the draw-down from channel 
storage, so that it should give a fairly accurate measurement of it. 

Of course it should be understood that the coefficient 0.4 applies to this 
particular reach. For other reaches a trial would have to be made to deter- 
mine whether that value or some other gave the most reasonable results. It 
should also be understood that no single value of the coefficient can be expected 
to fit the facts of all floods perfectly, or even all parts of the same flood, even 
on the same reach. This is only intended to be an approximate method. 

As stated by the authors, Professor Thomas? has given a method of 
accomplishing this same result, but it is believed that the method herein 
given is simpler, and that it partly meets his objection to what he calls the 
first approximate method, that change of slope is “the very essence of the 
behavior of a flood wave,” #8 and is entirely neglected in the older methods. 
To meet this objection more fully, the writer would recommend that if the 
method herein proposed is to be used for a reach in which actual gagings are 
available at each end, the rating curves should be drawn for a steady stage 
and then corrected for rising or falling stage. Perhaps a few words on this 
correction would not be out of order. 

Professor Thomas’ equation *® can be written: 


in which S = slope of the water surface at the station; Q = actual flow at 
the station (in cubic feet per second); Qn = flow as given by rating curve for 
steady flow; u = velocity of a flood wave, in feet per second; » = mean velocity 
of water at the station; g = acceleration of gravity, say, 32.16; and d = mean 

% Surface Run-Off Phenomena,” Publication 101, Horton Hydrological Laboratory, 
it Meeeesead sites of Flood Movements in Rivers,” by Harold A, Thomas, Hngineering 
Bulletin, Carnegie Inst. of Technology, p. 69. 


38 Loc. cit., p. 53. 
39 Loc, cit., p. 25, Equation (22). 
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depth of stream at a station (in feet). Now if j = rate of increase of gage 
height, in feet per hour (negative for falling stage): 


dy =a. 
dz 36004 © a ©. ele 0D eo © 0 eye) <0) 6080 wie tela) eee (4) 
and, 
Q\? j (u =o 
(s) =1+5n5sa|1- = | Fined el ae (5) 


As Professor Thomas states, this applies strictly only to cases in which the 
velocity is so low that velocity-head effects can be neglected, but this limitation 
would not forbid the use of Equation (5) at most gaging stations; and, ordi- 
narily, the values of u and v will be close enough so that the last term will 
be unimportant. The maximum correction for changing stage occurs when 
u =v and, 

Qe ¥ 

ae 1+ SGO0ep (6) 
This is the same as the Jones formula used by the U. S. Geological Survey *° 
except that v is the average velocity rather than the surface velocity. The 
use of the latter somewhat reduces the correction and, therefore, may give a 
better result, but actually the surface velocity depends largely on the wind, 
and is not a real factor in the problem. The writer is not suggesting that all 
flood problems require that all gage readings be converted into flow by Equation 
(6), but that if the data are available, the correction should be applied to the 
hydrographs used in obtaining the channel storage correction, as outlined 
herein. 

It might be added that the upper part of most rating curves (if uncorrected 
for changing stage) are generally weighted to give falling rather than rising 
stage quantities, because gaging parties more often arrive at the station after 
the peak has passed and get a measurement on falling stage. 


40 Water Supply Paper No. 375—BE. 
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Puitip Bureuss,? M. Am. Soc. C. E. (by letter).°—To a striking degree, 
the valuable data contained in this paper should be very helpful to engineers 
who are concerned with the design of water-softening plants. It is to be 
regretted that more data could not have been presented which would sub- 
stantiate some of the author’s conclusions in a helpful manner. 

Mr. Knox states that he is emphasizing only the special features of water- 
softening plants that are not features of filtration plants. However, his dis- 
cussion contains valuable data with respect to many features that are included 
in both types of plants. It is not an uncommon experience for an engineer to 
be called upon to convert a rapid sand filtration plant into a water-softening 
plant.. Such a problem includes generally the addition of more storage and of 
devices for the application of much larger quantities of chemicals, and the 
disposition of the resulting large quantities of sludge entailed by the softening 
process. 

Furthermore, the author states that the pneumatic equipment is preferable 
for handling chemicals at large softening plants if the chemicals must be 
elevated. In general, pneumatic equipment is desirable because it eliminates 
the dust problem and permits ground storage of chemicals in bulk; at the 
same time it provides means for elevating the chemicals from ground storage 
to elevated tanks, or hoppers, through which the chemicals are fed by gravity 
as required. The writer would suggest also the use of automatic weighing 
machines as an adjunct to the dry-feeding equipment. 

That feature of a water softening, as well as of a modern rapid sand filtra- 
tion, plant which has been least appreciated, is the necessity for proper mixing 
of chemicals after,their application,with the raw water. Old plants frequently 


Norr.—The paper by W. H. Knox, M. Am. Soc. C. B., was presented at the meeting of 
the Sanitary Engineering Division, New York, N. Y., January 21, 1937, and published in 
May, 1938, Proceedings. This discussion is printed in Proceedings in order that the views 
expressed may be brought before all members for further discussion of the paper. 

2 (Burgess & Niple) ; Pres., The Burnip Constr. Co., Columbus, Ohio. 
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contained baffled mixing devices which, as the author states, are unsatis- 
factory because they do not permit the required flexibility of operation. 
Furthermore, it is difficult to secure proper distribution of the water as it 
leaves such tanks and enters the settling tanks. Modern devices of the 
flocculator type permit flexibility of operation and also proper distribution of 
the water to the settling tanks. 

Reaction tanks should permit flexibility of operation at proper velocities, 
which the author states should be between 1 and 1.5 ft per sec. Experience 
indicates that slow velocities are not effective and higher velocities are harmful 
because they break up the coagulated floc. 

The writer is interested in the design of two plants, each of 10 mgd capacity, 
wherein it is not now proposed to soften the water but which are to be designed 
so that softening may be added at minimum cost. This means that suitable 
devices are to be provided for storing and handling the larger quantities of 
chemicals and that the basins are built to allow sludge removal devices to be 
added when desired. No other changes are essential. 

Rapid sand filters designed for filtering softened water should be equipped 
with devices which will permit washing at unusually high rates. This tends 
to decrease the deposition of after-deposits on the sand and is helpful in 
eliminating sand troubles and cost of maintenance. Furthermore, the filter 
sand may be comparatively coarse and inexpensive and need not be more than 
24 in. deep. The filters are not required to improve the pathological quality 
of the water, but act rather in the nature of finishing devices wherein the 
coagulating reactions are completed, and some suspended matter is removed 
from the treated water. They seldom accomplish any substantial bacterial 
removal. 

On the contrary, most of the solids in a softening plant are removed in the 
settling basins and it is of major importance that the engineer design these 
basins so as to permit proper displacement of the water with continuous flow 
through them. Inlet and outlet devices should be efficient and the basins 
should be properly designed with respect to depth, surface area, and velocity 
of flow. The author has not discussed these features of design, and it is hoped 
that he may add some data pertaining to them in his closing discussion. 

The matter of providing covers for the basins and for the reaction tanks is 
of importance. It is noted that frequently engineers will cover the mixing 
tanks and will not cover the settling basins. In cold climates, the reverse is 
necessary because the settling basins must be covered to prevent trouble from 
ice which would not be experienced in the reaction tanks where the water is 
flowing at comparatively high velocity. 

In designing re-carbonation devices, the engineer should appreciate that 
the gas supplied is of a toxic or poisonous nature and the features for handling 
it should be designed accordingly. 

The author might have stated in his comments on the design of zeolite 
softeners that the wash water required in such plants may be 15% to 20% of 
the total quantity of water softened as compared with 3% to 4% of wash water 
generally required for the usual water purification plant. On the other hand, 


—a 


September, 1938 KIMBERLY ON WATER-SOFTENING PLANT DESIGN 1477 


the disposal of sludge is the unsolved problem in connection with the operation 
y lime softeners and there is no such problem in connection with the zeolite 
plant. 

The writer is not in accord with the author to the effect that zeolite plants 
should be designed by the manufacturer who is now in a position similar to 
that of the manufacturer of filtration-plant equipment some years ago. The 
engineer should inform himself so that he is capable of designing such plants 
and should not be dependent upon the manufacturer. 

In conclusion, the writer believes that the author has rendered a distinct 
service to the profession in presenting much of the basic data required for the 
proper design of water-softening plants. | 


A. Evtiotr KimBerzy,? M. Am. Soc. C. E. (by letter).3*—Engineers inter- 
ested in water-softening plant design will appreciate Mr. Knox’s timely and 
informative review of current design practice. The author has had the unusual 
opportunity of examining plans for water-softening plants submitted during 
the twelve years, 1925-1937, to the Department of Health of a State in which 
ground and surface waters greatly exceed acceptable economic limits of hard- 
ness. This paper emphasizes the important, essential differences between 
water-softening and water-purification plant design, especially as regards the 
application of chemicals, the substitution of mechanical agitation for baffling, 
and the maintenance of continuously effective settling tank capacities through 
_ effective mechanical means for continuous sludge removal. 

Experience has shown definitely that effective softening and the economic 
use of softening agents at lime-soda softening plants are dependent upon 
proper mixing at non-depositing velocities, generally obtained by the use of 
mechanical devices, assisted by a certain percentage of sludge return. Sucha 
plan insures a maximum softening effect without waste of chemicals. 

An important unsolved problem in lime-soda softening at municipal plants 
is the matter of sludge disposal. Doubtless, many engineers recall the diffi- 
culties which attend efforts to flush from a settling basin a compacted sludge 
containing from 13% to 15% of solids, the accumulation of many months, 
awaiting sufficient stream flow, and the serious problems which arise when no 
stream is available for dilution, or when no quarry-pits or other places of 
disposal are available. Due to the lime-sludge disposal problem, lime-soda 
softening is frequently rejected in favor of zeolites, even in cases where the 
former may be definitely more adaptable to raw-water conditions. The 
solution of this problem lies in lime recovery. 

In 1915, Charles P. Hoover, Chemist-in-Charge of the Columbus Water 
Works, conducted extensive experiments at Columbus, Ohio, and actually 
operated the Columbus plant for a period of 4 hr with 5 000 lb of lime produced 
at a practical lime recovery plant. The softening results are stated as normal 
and satisfactory. The recovery plan was as follows:! The settling basin 
precipitate is pumped into a thickener from which the material is fed directly 
into a rotary kiln. The kiln used in these tests is 20 ft long and 34 in. in 

2Cons. San. Engr., Columbus, Ohio. 


8a Received by the Secretary May 26, 1938. 
4Forty-fifth Annual Rept., Div. of Water, City of Columbus, Columbus, Ohio, 1915. 
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diameter and wasoilfired. Thesludge contained 18% of solids and from it was 
produced quick lime containing from 63% to 73% of water soluble calcium oxide. 

A lime recovery plant, in successful operation in England, comprises 
duplicate agitated mixing tanks into which the sludge from the settling tanks 
is pumped.’ The mixed sludge containing about 25% of solids is pumped to 
a vacuum filter, which reduces the water content to about 50 per cent. The 
filter is 8 ft in diameter by 8 ft wide and operates under a 16-in. to 20-in. 
vacuum. The filter cake discharges by gravity into a rotary kiln 86 ft long 
and 6 ft in diameter, operating at the rate of 1.33 rpm. From 12 to 14 hp are 
required to drive the kiln, which is oil-fired. 

The capacity of the kiln is about 17 tons per day. The oil consumption is 
stated as 27% of the lime produced. The maximum temperature reached is 
about 1500°C. Provisions are made for preventing dust by passing the 
evolved gases through a suitable dust collector. The results obtained at this 
plant are said to be highly satisfactory. 

In the fall of 1935, studies were made by the Nichols-Herrshoff Company 
to determine the possibilities of incineration of lime-sludge reduced in volume 
by thickeners and vacuum filters, following the treatment successfully applied 
in the incineration of sewage sludge. 

The need for a satisfactory practical method for the disposal of lime-sludge 
is evident. The successful application of filtration and incineration may solve 
the problem, obviously, to effect marked economies in water-softening plant 
operation. Many of the Ohio water supplies softened with lime and soda ash 
contain substantial quantities of magnesium (average 9% of the total hardness 
of Ohio ground-waters) and, consequently, sludge calcination results in the 
production of an admixture of calcium and magnesium oxides. 

In a private communication with the writer, Mr. Hoover points out that, 
by a change in design which makes possible a two-way application of lime 
(additional mixing basins and clarifier units), it is possible to precipitate lime 
sludge containing practically no magnesium. This result is accomplished 
merely by holding the potential of hydrogen (pH) of the water at a point 
below that required to precipitate the magnesium. Since, ordinarily, con- 
siderably more reclaimed lime is produced at a plant than is required to soften 
the water, the two-way lime dosage plan suggested by Mr. Hoover should 
have definite application in practice, in cases where lime recovery is planned 
at softening plants treating water relatively high in magnesium salts. 

Lime-soda softening was used in 1936 to effect a reduction of fluorides.® 
Briefly stated, it has been determined that, in the presence of magnesium salts, 
the application of lime to a water containing fluorides effects a fluoride reduc- 
tion which, between the limits of 1.5 and 3.5 ppm, initial fluorides, varies as 
the square root of the magnesium removal. Clinical data indicate that 
fluorides on the order of about 1.0 ppm have no deleterious effect on teeth 
enamel. Mottled enamel is endemic in about twenty-eight States and, there- 
fore, the advantages of lime treatment, with or without complete softening, 
appear definitely important. 


5 The Industrial Chemist, July, 1933. 
® Journal, Am. Water Works Assoc., January, 1937, Vol. 29, pp. 9-25, inclusive. 
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Quite recently, a new type of zeolite has been developed which produces 
either carbonic, sulfuric, or hydrochloric acid, depending upon the composition 
of the raw water. Where carbonates predominate, a definite quantity of 
carbonic acid is produced. Using this zeolite, a certain percentage of the 
raw water is by-passed through a filter and, later, is admixed with the lime- 
softened water to adjust the potential of hydrogen. The process has the 
advantage that the quantity of carbon dioxide produced is constant and that 
no phenols or other objectionable materials are introduced into the water. 

Prior to 1937, installations were limited to commercial practice, but in 
the latter part of May of that year a small unit went into operation at a 
softening and fluoride reduction plant at Mt. Victory, Ohio. The efficiency 
of this so-called ‘‘hydrogen zeolite’”’ unit has been investigated by the Division 
of Engineering of the Ohio Department of Health. The results are said to 
justify the statement that the equipment is satisfactory. 

Recarbonating with “‘hydrogen zeolite” is of much interest to the water- 
works designer since, with the use of zeolite, the quantity of carbonic acid is 
fixed so long as the composition of the well water remains unchanged, whereas 
using flue gases or burning gas or coke, the percentage of carbon dioxide 
produced is variable, thus preventing a close control of recarbonation. 


L. R. Howson,’ M. Am. Soc. C. E. (by letter).”—The fact that approxi- 
mately one-half the municipal water-softening plants of the United States are 
found in Ohio offers more than passing tribute to the contributions of the Ohio 
State Department of Health in acquainting the citizens of Ohio, not only with 
the necessity of securing a bacterially satisfactory water, but with the advan- 
tages to be secured from a reduction in the hardness as well. Without question, 
water softening in Ohio has paid large economic dividends. 

The engineer who undertakes to design water filtration works is frequently 
aware of the ultimate, if not the present, desirability of softening, as well as 
filtering, the supply. When that is the case, the design should be made so as, 
economically and practicably, to install sludge removal equipment and other 
facilities necessary to the adaptation of the filtration plant to water softening. 
In the Milwaukee, Wis., plant (capacity 200 mgd), mixing design and periods 
follow softening practice. The settling basins are designed so that sludge- 
conveying equipment can be installed economically at a later date. It is 
believed that within the next decade, more or less, many plants treating Lake 
Michigan water with a hardness of 125 ppm will include softening. 

With respect to aeration, it is the writer’s belief that when used with surface 
waters for the removal of tastes and odors, some of the more positive and 
complete methods of control, such as activated carbon, are to be preferred. An 
experience has come to the writer’s attention in which one of the inspirator type 
of aerators was installed for carbon dioxide removal before the lime treatment 
of a well supply. Red water troubles resulted, due to the presence of oxygen 
absorbed by the water. By-passing the inspirator type of aerator and using a 
simple splash type overcomes the red-water trouble in this plant. 


7Cons. Engr. (Alvord, Burdick & Howson), Chicago, Ill. 
T Received by the Secretary May 31, 1938. 
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In the moderate-sized softening plants chemicals, in general, are stored 
overhead. In the larger plants, elevated storage becomes costly and it is 
usually desirable to provide ground storage with only a limited overhead storage, 
transfers from ground to elevated storage being made at frequent intervals 
through dust-proof conveying equipment. Vacuum fan exhausters are fre- 
quently installed to remove dust from dry-feed machines during the charging 
operation. 

Mr. Knox properly calls attention to the fact that mechanical mixing devices 
must be provided for water softening, and that the mixing period must be 
relatively long. Experience with stirring devices of both the horizontal-paddle, 
vertical-shaft type and the horizontal-shaft, flocculator type, leads to the 
opinion that the latter is much to be preferred. It has been found difficult to 
prevent the accumulation of sludge deposits where the vertical-shaft, horizontal- 
paddle type of equipment is used. 

Where flocculators are used in softening, the peripheral velocity is ordinarily 
from 2 ft to 3 ft per sec, compared to from 1 ft to 1.5 ft per sec where alum is 
used for plain filtration. tied 

Where softening is practiced in conjunction with the filtration of a sometimes 
turbid surface supply, provision for series operation is desirable. At times of 
high turbidity the first stage is used for the removal of turbidity with the second 
operated as single-stage softening treatment. Two-stage recarbonation is also 
being frequently adopted. 

As Mr. Knox states, sludge disposal is one of the big unsolved problems in 
water softening and on that account is probably one of the greatest deterrents to 
the adoption of lime-soda softening in some cities. It has been found prac- 
ticable at some localities, by continuous removal of the sludge in small quanti- 
ties, to discharge it into the sewer system. Although the volume of sludge is 
considerable the effect of the lime in sweetening the sewage and the sewage 
sludge is beneficial providing the quantity of sludge is not out of proportion to 
the sewage into which it is discharged. 

In the smaller and moderate-sized softening plants the building heating 
system quite frequently consists of oil-fired or gas-fired boilers. With oil, two 
boilers are commonly provided—one of sufficient capacity to provide all the 
carbon dioxide requirements, and the other of sufficient capacity to furnish all 
the heat required. There have been a few installations in which two burners 
have been installed under only one boiler, but the difficulty of securing good 
combustion and of controlling the carbon dioxide content of the gases under 
widely varying demands is difficult to overcome. 

Filtration rates as high as 3 gal per min per sq ft are commonly used in 
softening plants treating well water. With proper pre-treatment the sand 
should not require replacement for many years. 

Mr. Knox is to be congratulated on having condensed his broad observations 
on water softening into such a concise, yet comprehensive, discussion. 


CuHar.eEs P. Hoover,® Esq. (by letter) .°—The lime-soda ash water-soften- 
ing plants that have been built in the past were not designed to produce softened 
ee ee ee 


®’ Chemist in Chg., Water Softening and Purification Works, Columbus, Ohio. 
Se Received by the Secretary June 3, 1938. 
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water of any predetermined alkalinity or pH-value. This is probably due to 
the fact that, to this time, no definite values have been agreed upon for the 
calcium carbonate alkalinity and the pH-value of the softened water. 

What should they be? Results of experimental work, conducted during 
1935 and 1936 at the Columbus, Ohio, Water Softening and Purification Works, 
lead to the conclusion that if the softened water is to be in contact with gal- 
vanized plumbing, the potential of hydrogen should range from about 7.8 
to 8.2, and the calcium carbonate alkalinity should be sufficient to produce 
saturation at these pH-values. In other words, the water should be in chemical 
balance to calcium carbonate. A pH-value of 7.8 to 8.2 means a water free 
from normal carbonates. 

Low-alkalinity water containing all, or nearly all, normal carbonates 
(especially in hot water) is more corrosive to galvanized metal than water 
containing no normal carbonates. Results of recent experiments indicate 
that normal carbonates (calcium and magnesium) deposit an uneven scale, 
in hot water tanks from 3; in. to 3 in. thick, in a year’s time which is only 
somewhat adherent; whereas, the bicarbonates of calcium and magnesium, 
although they produce a thinner scale, produce one that adheres much better 
to the metal. The bicarbonates, therefore, produce a much better protective 
coating on galvanized surfaces than the normal carbonates. 

When recarbonation of lime-softened water was first adopted and accepted 
as an essential part of water softening, about 1925, it was thought that its use 
would eliminate all filter-sand troubles, and all incrustation and corrosion 
problems in the distribution system. 

Water-softening treatment, it is believed, can be made to eliminate distri- 
bution troubles, but thus far no practical means has been found to eliminate 
incrustation of filter sand entirely and, at the same time, produce the desired 
alkalinity. Tentative results from incomplete experiments indicate that the 
following procedure seems promising as a means for removing or crystallizing 
colloidal precipitates, and thus prevents them from crystallizing on, and coat- 
ing, the sand grains: 


(a) The addition of precipitated calcium carbonate, water-softening 
sludge, or other finely divided inert substances to the softened carbonated 
water, then stirring and settling before filtration; 

(b) Blanket filtration of the softened carbonated water through precipitated 
calcium carbonate, water-softening sludge, or other finely divided inert material; 
and, 

(c) If water is carbonated and then allowed to settle for a long period of 
time before being filtered, sand troubles will be eliminated, but the settling 
time must be measured in hours and days rather than in minutes. 


The difficulty is that precipitates resulting from water-softening reactions 
are least soluble at a high pH-value (about 9.4) and if enough carbon dioxide 
is added to bring the potential hydrogen below this value more of the precipitate 
stays in solution, and colloidal precipitates are dissolved. The alkalinity or 
the carbonate hardness is thus increased beyond that desired. Therefore, the 
addition of carbon dioxide to softened settled water just ahead of the filters in 
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sufficient quantity to stabilize it (so as to prevent incrustation and cementing 
together of the sand grains) cannot be practiced if it is desired to produce 
water of low alkalinity. This means that until a satisfactory procedure for 
removing colloidal precipitates is developed, sand filters will have to be re- 
sanded every ten or twelve years. Proper adjustment of the pH-value by the 
addition of carbon dioxide to lime-softened water should be made following 
filtration. 

A careful study of Mr. Knox’s paper by engineers who design water-soften- 
ing plants should prevent them from repeating mistakes that have been made 
in the past. There are many items that might profitably be discussed; at 
least four of them should not be ignored: 


(1) If a plant is designed to soften surface water that becomes extremely 
muddy during flood times, provisions should be made to coagulate and remove 
the bulk of the mud before the softening chemicals are added. The flow line 
would be to: (a) Add coagulant; (b) mix; (c) settle; (d) add softening re-agents; 
(e) mix; (f) settle; (g) carbonate; (h) filter; and, (7) adjust pH. 

(2) Too much emphasis cannot be registered against the use of pressure 
filters for filtering lime-softened water. At a water-softening plant, it is 
necessary to spade and break up the sand in the filter beds frequently, and it 
is almost impossible to do this where pressure filters are used. 

(3) The importance of accurate chemical feeding devices decreases in 
almost direct proportion to the size of the plant; that is, the smaller the plant, 
the more necessity there is for accurate control. Automatic controls are 
especially desirable in small plants. Devices for weighing the softening re- 
agents are preferable to measuring devices. The necessity for making provi- 
sions that will prevent arching of chemicals in hoppers is also very important. 

(4) During the summer, there will be sweating from pipes and exposed 
concrete in plants treating cold well water. The difficulties from this source 
can be minimized by providing proper insulation and drainage; and it is 
especially important that the elevation of the filters be low enough that the 


level of the water in them may be kept below the elevation of the operating 
floor. 


M. H. Kurcermay,’® Assoc. M. Am. Soc. C. E. (by letter).°*~—Preliminary 
testing for the purpose of providing basic design factors is probably more readily 
possible in the field of water supply conditioning than in many other fields of 
engineering design. Such preliminary testing, or pilot-plant installations, may 
provide facilities varying from a simple laboratory jar-mixing set, to a model 
plant handling a substantial volume of water and equipped with diverse me- 
chanical aids entering into the different steps in the treatment. The desir- 
ability of such procedure should be emphasized, if only but to confirm, in any 
particular instance, the suitability of accepted design factors for treatment of 
the water supply in question. . 

In a recent investigation for the treatment of the water supply of a Southern 
municipality, invoiving “excess lime’’ followed by recarbonation, a small pilot 
a ee ee 


® Associate, Alexander Potter, New York, Ne Y. 
®2 Received by the Secretary May 31, 1938. 
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plant was installed which provided principally for: (2) Automatic chemical 
feed; (b) mechanical mixing with means for varying mixing speed and time of 
mixing; (c) “stage mixing” (that is, varying the speed of mixing from “fast” to 
“slow’’ as the flow proceeded from inlet to outlet of the mixing compartments) ; 
(d) settling, with provisions for varying the detention period; and (e) sand 
filters. 

Without entering into a detailed discussion of the various factors derived 
from this investigation (which were principally of value to the particular water 
supply under consideration) it is of interest to illustrate at least one of the items 
noted which has application to the paper. That item pertains to the question 
of speed and time of mixing and time required for settling. The author has 
stated that where mechanical devices are used (see heading, ‘‘Lime-Soda Water 
Softening: Mixing Devices’’), a 30-min to 40-min mixing time is desirable and 
that velocities provided by mixing devices should be between 1 and 1.5 ft per 
sec. As for the settling period, he states that a detention of 2 hr is generally 
sufficient to secure a satisfactory clarified effluent (see heading, “‘Lime-Soda 
Water Softening: Clarifiers’’). 

Although these factors are generally confirmed by the tests conducted by the 
writer, these tests, nevertheless, indicated that mixing speed, mixing time, and 
settling time, were not independ- 


ent elements, but bore a rela- 
Note: Batch Mixing in Horizontal Mixer; 


tionship; that is, various com- Cie Dose 18 Grains per Gallon; 
G . , Mixing S d and Settl 
binations of these three elements Tinited Neca ae a 


were capable of producing 
equivalent results. 

In illustrating this relation- Par Rabe 
ship, the writer will follow the oz} (One-Hour Settling) 
policy adopted by the author of n\ 
avoiding discussion of the chem- 
istry of the process, and will 
use “turbidity” which is an in- 
dex of the clarity of the settling- 
tank effluent as a basis of com- 
parison. (The water supply in 
these tests emanated from lime- 
stone springs; it was clear and LA Turbiiy 
colorless so that any turbidity 
present in the settled water re- 
sulted only from the reacting 
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tests, made in a rectangular mix- Ing TIME, AND SHrrLinc TiME 


ing tank provided with power- 

driven mixing paddles mounted on a horizontal shaft, mixing being at right 
angles to the direction of flow. Means were provided for mixing at three 
different speeds. (The speed of mixing refers to the paddle-tip speed.) 
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The test procedure involved filling the mixing tank, introducing the pre- 
viously determined lime dose (the same for each test), then operating the mixing 
device at a speed of 0.5 ft per sec for one series of tests, 1.0 ft per sec for another, 
and 1.5 ft per sec for a third. Samples were dipped from the mixing tank at 
intervals of 10 min for each test series, thus providing samples representing 
10-min mixing at a given speed, 20 min, 30-min, etc. Two samples were taken 
at each interval, one being permitted to settle in a jar for 1 hr and the duplicate 
sample for 4 hr. 

As will be noted from the curves, the same “end-point” as determined by 
turbidity measurements was obtainable with a number of variations. For 
example, assuming that the desired turbidity of the clarified effluent is, say, 
7 ppm, the combinations in Table 1, in so far as this water supply is concerned, 


TABLE 1.—Comprnations or Mrixine Sprep, Mixina Time, AND SETTLING 
Time to Propucr a TANK EFFLUENT oF IDENTICAL TURBIDITY 


(For This Illustration, Seven Parts per Million Was Selected as the Turbidity) 


(a) Setriine Timz, 1 Hour (b) Serrrine Timez, 4 Hours 
Speed of mixing, in 
feet per second ; AD’ : 
z Series Time of mixing, ered Time of mixing, 
_ in minutes in minutes 
(3 )E594 iy te ape ee, a 42 20 
OMe a easton: b 28 e 19 
aie, Hee c 24 13 


were found possible. These data indicate that, in general, for the same speed of 
mixing, cutting the mixing time in half requires quadrupling the detention time 
in the settling basins for equivalent clarity of effluent (compare Series a and d 
and Series c and f). It will also be noted that substantial reduction in time of 
mixing is possible at increased mixing speeds. 

For example, the same result is obtained with 24-min mixing, at a speed of 
1.5 ft per sec and 1 hr settling, as is obtained with equivalent mixing time (that 
is, 20 min) with only a speed of 0.5 ft per sec but with 4-hr settling (compare 
Series c and d). The cost of structures would be far greater in the latter case 
(Series d) than in the former (Series c). Similarly, sludge removal equipment 
would be more costly in the tanks providing for longer detention. Mixing 
equipment costs would be about the same, except that the drive units for the 
faster speed of mixing (Series c) would have to be powered substantially higher 
than that of the lower speed (Series d). Likewise, power consumption in the 
faster mix would obviously be much greater than that in the slower, the power 
requirements varying as the cube of the mixing speed. Thus, selection of final 
factors involves economic consideration. 

It is the writer’s opinion that most conditions involving mixing of chemicals 
with water for coagulation warrant the provision of variable speed devices 
particularly in view of the changing characteristics of the water in nian 
instances, requiring, in turn, varying dosages of lime, soda ash, etc., for soften- 
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ing. The ease with which most mechanical mixers may so be equipped merits 
their adoption over baffling and hydraulic methods not readily controllable. 

The author has given the profession a valuable “‘bird’s-eye view’’ of standard 
practice in the field of water-softening plant design. It would be of additional 
value if data could be presented relative to filter-washing practice in which lime 
or lime and soda ash are the treating chemicals. Does incrustation of filter 
sand with lime warrant differences in filter-washing provisions not required in 
ordinary rapid sand-filter practice? 


Roun F. MacDowe 1," M. Am. Soc. C. E. (by letter).!°*—Very concisely, 
Mr. Knox has covered the main considerations in the selection of the type and 
the design of municipal water-softening plants. The writer offers a few addi- 
tional suggestions from his experience in this field. 

Municipal water softening is a relatively new field in public service, but 
has already proved to be practical and economically sound. It is no longer 
_ considered sufficient to provide only a clean water, free from pathogenic 
bacteria, and thus the number of water-softening plants constructed is acceler- 
atingrapidly. As of January 1, 1938, there were 362 municipal plants installed, 
or under construction, in the United States, of which Ohio had 90, or approxi- 
mately 25 per cent. 

Mr. Knox states (see ‘‘Sources of Supply’’) that, if the hardness is more 
than 700 to 800 ppm, another source of water supply should be sought. 
Although this is true from a standpoint of cost, it does not mean that it is 
impractical to soften water containing 800 ppm, or more, of hardness. It is 
sometimes impossible to find another and softer source of supply. At Elmore, 
Ohio, the hardness of the raw water is about 1060 ppm. This supply is 
softened to 70 ppm without difficulty and a satisfactory, palatable water is 
produced. The cost has not proved to be a burden. In fact, it, was not 
necessary to raise the water rates in order to finance the cost of operation. 

Aerators—The writer agrees that it is not necessary to provide patented 
aerators in order to secure satisfactory results. Furthermore, non-patented 
aerators can be designed so as to be sightly. The patented aerators are usually 
entirely or partly of metal construction, which corrodes rapidly under the 
operating conditions that are usually most favorable to oxidation, thus causing 
the metal to corrode. Coke aerators can be made of concrete and cypress wood 
construction which is more permanent and requires less maintenance. Inci- 
dentally, if aerators are provided following softening, aluminum should not be 
used in the construction as the soft water pits this metal badly. 

It is certainly true that sludge disposal “‘is one of the chief difficulties” of 
lime-soda water softening. This is especially the case in those municipalities, 
usually small, which are not on or near a sizeable stream into which the sludge 
can be discharged without sight nuisance. In such cases, and because of the 
sludge problem alone, the zeolite method of softening is usually advisable. 

Type of Plant.—For every proposed plant careful consideration should be 
given by the designing engineer to all the factors involved in the determination 


10 Civ, and San. Engr., Cleveland, Ohio. 
10a Received by the Secretary June 1, 1938. 
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of the type of plant to be provided. There are some factors, such as the sludge 
problem with lime-soda plants, which may make zeolite advisable aside from 
other considerations. On the other hand, if the raw water is from a surface 
source, or otherwise subject to pollution, or if the raw water has an objection- 
able fluoride content, the lime-soda method must be utilized; but, usually, the 
problem is largely an economic one, including first cost as well as cost of 
operation. 

With the small plants having capacities as great as, say, 0.5 mgd, the 
saving in labor and the cost of technical control in the operation of zeolite 
plants quite often make this method advisable. This is especially true if 
automatic regeneration can be provided, thus eliminating the necessity for 
regular and frequent attention to the plant. 

Troughs and Piping.—In gravity zeolite plants, because of the highly 
corrosive character of the salt brine used for regeneration, special attention 
should be given to the materials used for troughs and piping. For this reason, 
steel troughs are unsatisfactory, but concrete and asbestos cement have been 
used with success. For the collector and brine distribution systems, cast-iron 
pipe or material containing chromium and nickel is satisfactory. 

Control Equipment.—With both gravity and pressure zeolite plants certain 
control equipment is found desirable. Automatic proportioning of the by- 
passed hard water is worth while, especially if the hardness of the raw water 
varies or two sources of raw water, having different degrees of hardness, 
are used. 

With pressure zeolite plants in which the water is pumped from the source 
of supply or from a collecting basin directly through the pressure softeners, 
or through pressure filters and softeners, to the distribution system and 
elevated storage, provisions should be made to eliminate the surge in the pipe 
lines due to rapid starting of the pumps. For this purpose a slow opening 
discharge gate-valve, of the hydraulic type, operated electrically through the 
pump starter, is found to be effective. 

Salt Storage-—The most economical method of purchasing and handling 
salt for regeneration is in bulk carload lots. A minimum carload is 40 tons. 
The wet salt storage basin, therefore, should have a capacity of at least 40 
tons of dry salt, with ample free-board for float-valve control of the feed-water. 
Preferably, however, the basin should be divided into two compartments, each 
of which holds 40 tons of salt, in order that one compartment may be filled at 
any convenient time while the other is in service. ' 

Brine pumps, which are usually of the centrifugal type, should be entirely 
brass-lined and mounted. If they cannot be located conveniently as to eleva- 
tion to provide a positive head on the suction side, satisfactory self-priming 
units can be secured. 


D. E. Davis," M. Am. Soc. C. E. (by letter)."*—This paper will repay the 
careful study of those contemplating the construction of a softening plant. It 
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brings into sharp focus a long first-hand experience of the essential design 
features that should be incorporated if success is to be attained. Communities 
have been slow to recognize that softening plants are a good investment; but 
at chemical costs of 1 cent per 1 000 gal per 100 ppm of hardness romoredl as 
quoted by the author, combined with reasonable fixed charges, it is usually 
found that soap savings alone more than justify the expenditure for a plant. 

With good reason, the author stresses the desirability of short, direct lines 
for conveying chemicals to the mixers, with adequate provisions for cleaning, 
since lime in particular tends to build up a dense coating. No plant feature is 
more important than the mixing chamber, preferably of the mechanical type 
in which the raw water and the chemicals are brought into intimate contact at a 
speed of rotation less than that which will break the floc, but fast enough to 
permit the building up of a large aggregate which will quickly settle in the 
clarifiers. The flow of water may well be in an upward direction, thus main- 
taining the floc longer in suspension while it is being built. 

Perforated baffles at the entrance and exit contribute to even flow through 
settling basins, and provide the “‘fly-wheel” or “‘cushion”’ of storage for meeting 
fluctuations in softener rates, the advisability of which is stressed by the author. 
The combination of a clarifier followed by a settling basin should give better 
and more flexible operation than a clarifier alone. 

The disposal of the sludge, as the author shows, is one of the distinct limita- 
tions to the use of the lime-soda softening process under certain conditions, and 
more positive methods of meeting this situation may well be one of the design 
features in future plants. 

Coke used for generating carbon dioxide for recarbonation should be low in 
sulfur content in order to prevent corrosion in compressors and lines. The 
author’s suggestions relative to the design of piping which conveys water with 
a normal carbonate content is well taken, since it will usually be necessary to 
clean the deposit from these lines at intervals of several years. 

The most careful study of the hydraulics of a zeolite plant is essential if 
head losses and sand rise are to be properly handled. The relationships be- 
tween varying hardness, sand volumes, storage capacities, and wash and rinse 
waters require most careful study if the design is to prove successful. 

In listing the disadvantages of zeolite, the author states that “objectionable 
proportions of iron and manganese are not suitable for zeolite treatment unless 
these minerals are removed prior to softening.’’ This scarcely holds true for 
manganese in quantities as great as 7.0 ppm, and averaging 5.0 ppm for several 
years, because zeolite has been shown capable of removing these quantities 
continuously by base exchange and without damaging the green sand. How- 
ever, manganese is not removed beyond the end of the period of zero hard water, 
but appears immediately with the first sign of exhaustion of the zeolite. 

Professor W. F. Langlier has shown that changes in the calcium content 
of a water may have a material effect on its corrosive qualities.” Since 
in zeolite softening, calcium is removed or reduced, the resulting soft water is 


12 The Analytical Control of Anti- aeons Treatment,” by W. F. Langlier, “Journal, 
Am. Water Works Assoc., Vol. 28, No. 10, p. 1500. 


- likely to be corrosive. This is sometimes offset by! an increase in pH 
accompanies the action of some zeolites. 


advantages, including low first cost and ‘“fool-proofness” in Sperhtion The 
choice of type of softening plant for a given situation can only be determined 
after a careful examination and weighing of the various determining factors, 4 
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F. Lavis,!® M. Am. Soc. C. E. (by letter).15*—The writer has been much 
interested in the paper by Mr. MacDonald, whose point of view is based on 
actual practice; but so much has been written during the past year or two about 
the “Highway of the Future” that the layman will expect this to develop at 
once into a clear, uninterrupted, wide pavement with cars “sailing along” at 
100 miles per hr, or faster, with no stops for traffic lights or interference by 
traffic police, no grade crossings, no cars stopped on the pavement or traveled 
way, all traffic lanes separated, and perhaps (the Utopia) no noticeable expan- 
sion joints to mar the smoothness of the pavement. 

With this ideal situation, pipes, sewers, and conduits will be laid outside 
the traveled way, so that pavements need never be disturbed and these latter 
will be so durable that they need never be relaid. There will be wide shoulders 
and rights of way, and the roadside will be beautifully landscaped. 

In 1937, a speaker was reported by the Associated Press to have told the 
National Planning Conference in Detroit, Mich., that, ‘‘The American street 
and highway system must be scrapped and rebuilt unless the automobile is 
to become a malignant growth.” ‘We cannot,” he said ‘look with tolerance 
upon shackles which fetter this newest servant of mankind”’; and then he also 
blamed the highway structure for the great toll of accidents on it. 

Apparently, it is to be taken for granted that in this Utopia, the motor 
vehicles themselves will be of supreme design and construction, built of mate- 
rials that cannot fail, that will have no mechanical defects, that will, perhaps, 
take their fuel out of the air so as to avoid stopping, and will be driven by super- 
men from Mars. The latter is the most essential because the frail humanity of 


Norr.—This Symposium was presented at the mecting of the Highway Division, De- 
troit, Mich., July 21, 1937 and published in June, 1938, Proceedings. This discussion is 
printed in Proceedings, in order that the views expressed may be brought before all mem- 
bers for further discussion of the Symposium. 

15 Cons. Engr., New York, N. Y. 

15a Received by the Secretary August 2, 1938. 


1490 LAVIS ON MOTOR TRANSPORTATION Discussions © 


this day and age has apparently not cultivated the skill and stamina to take 
advantage of these transcendental highways and vehicles, and as one reviews’ 
the slow progress in the development of the human machine it scarcely seems 
likely that succeeding generations will attain the ability and skill to operate 
these super-motor vehicles about which so much is being written. 

The writer is entirely serious in attempting to create this vision because it 
must be given consideration. It is being preached in many quarters, not by 
laymen alone but by engineers—engineers who claim that most of their fellow 
craftsmen have no thought for the morrow, no vision of the future. These 
statements must be given consideration, but consideration based on some 
sanity. 

The writer is not unmindful of the developments in both cars and highways 
of the past thirty years, since the time that he bought his first car in 1908 and 
thought a 100-mile drive in a day was a feat, a perilous adventure, and a diffi- 
cult, grueling task. Without effort, he can compare that car with the car of 
to-day, which will go the 100 miles in a few hours with almost no apparent 
effort either on the part of the car or of the driver; and he has no doubt that 
similar or even greater progress will continue. 

After looking at these visions, however, engineers should look at the realities 
of this long-distance planning and attempted provision for the future and 
visualize the real status of their attitude toward the highway of the future 
(which is being built to-day), and think about these problems with sense and 
with their “feet on the ground.” 

It may be fairly claimed that highway engineers and highway authorities, 
without having indulged in any extravagant visions of the future, have con- 
tributed their share to this advance, and their progress to date has fully kept 
pace with that of the automotive engineer. There is no reason why they may 
not be expected to continue going along together. . 

The writer is not opposed to planning. For many years, while engaged in 
the planning and design of railroads, his work has been nothing but a long 
attempt to forecast the future properly and reasonably, and to build for the 
future, but always with the brake on his enthusiasm of having to “make a 
dollar earn the most interest.” It seems to be a most desirable training for 
engineers to have been connected with commercial enterprises. Engineers 
building highways with public funds would do well to think, for some years to 
come, of the need of making public dollars earn the most interest rather than of 
providing special facilities for the few or of building highways for excessively 
high speeds. 

It is trite to state that one should do the greatest good to the greatest num- 
ber; but trite or not, it is one of the great duties of the engineer who spends 
public monies, and perhaps particularly that of the engineer who directs the 
spending of them for highways. This does not gainsay the fact that returns 
from the expenditures of public monies may reach the dollar stage, through 
health and happiness from recreation; but engineers should be reasonably cer- 
tain that there is a real return some way or other, and that this return should 
be a return to the people at large and not to a special few. 
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Writers on highway subjects during the past year or two have very generally 
stressed two things: (1) The great number of highway accidents; and (2) the 
need of ‘‘building safety into highways.” Strangely enough, many who have 
deplored the accidents and urged engineers to “do something about it,” talk 
about designing highways for speeds of 100 miles per hr, or even more. They 
point to the fact that the motor vehicle is being improved every year and that 
when a highway is built it must remain unchanged for a long time. Conse- 
quently, one must build to-day the highway that will meet the requirements of 
10, 15, 20, or 25 yr hence, and that, at first thought (and maybe on second 
thought) seems a very valid argument, particularly if the human element be- 
hind the wheel of the car is ignored. 

The highest types of modern pavements may be expected to have a life of 
20 or 25 yr, even under heavy traffic. There is no possible reason, therefore, 
for denying the responsibility of the engineer in laying them out so that the 
most use may be obtained from them during their life. 

Accidents and accident prevention are primary topics of consideration to- 
day, and accidents on highways are a growing menace to the entire body politic. 
Furthermore, the prevalence of accidents is now tending to be greater in the 
open country, in the rural districts, than in cities and congested areas. British 
experience in this respect, coincides with that of the United States, and a 
reasonable inference from this information is that excessive speeds are a pre- 
dominant cause. 

It has been quite generally stated that 85% of all accidents are caused by 
the failure of the human element, the driver of the car. On the other hand, it is 
claimed that accident reports do not show the extent or the occasions in which 
the highway structure itself is the cause. Admitting that this may be true, 
to some extent, and that, in some cases, faults of the highway structure may 
contribute to, or aggravate, accidents and possibly increase their severity, it 
still remains a fact that highway accidents are very largely the result of in- 
competent and careless driving and excessive speed. Here, again, British 
statistics and British observers are in accord with those in the United States. 
A New York State report!* published in 1937 states: “So long as the motor 
vehicle is employed as a means of transportation the driver will remain the 
chief factor in the accident problem.” 

When writers refer so glibly, therefore, to designing highways for speeds of 
100 miles per hr, they not only ignore this very definite fact of human fallibility 
but they probably are definitely increasing the accident risk. The writer does 
not believe that design for high speed provides a margin of safety for drivers at 
lower speeds. Few drivers are capable of driving faster than 40 to 50 miles per 
hr, with safety to themselves and to the other users of the highways. 

This question of speed as it affects the design of highways and their cost is 
a most important one. Designs based on speeds greater than 50 to 60 miles 
per hr are not warranted to-day, or by any reasonable consideration of the 


future. 
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Most engineers visualize the highway of the future as something in the 
nature of the trunk-line military “autobahen” created in Germany, the so- 
called “freeways,” or the parkways near New York City, N. Y., in Westchester 
County, and on Long Island. These are typical of high-capacity highways in 
open country. There are also the great arterial highways through congested 
areas such as New Jersey Route 25, from the Holland Tunnel to Elizabeth, of 
which the Pulaski Skyway is a part, the great West Side Highway in New York 
City, and others of a similar type. 

In general, such highways have good alignment, gradients that do not re- 
quire trucks to reduce speed rates, say, of less than 5%, and four to six traffic 
lanes with traffic in opposing directions definitely separated by a raised curbed 
strip, perhaps 3 to 5 ft wide. ; 

All these very expensive roads, however, have been built to meet heavy 
traffic demands, and they carry large numbers of vehicles. It is well known, 
of course, that maximum traflic capacity is attained at comparatively low speeds, 
probably less than 30 to 35 miles per hr. There seems to be little reason, there- 
fore, for assuming speeds much greater than this, certainly not greater than 
50 to 60 miles per hr, in designing such roads. 

Probably the most important task that confronts highway authorities and 
highway engineers to-day is the provision of sufficient highway capacity to 
meet traffic demands. This means that new highways, built to-day, should 
have capacity for meeting the traffic demands of some years to come. Ability 
to estimate such demands with reasonable accuracy is a necessary qualification 
for all responsible highway engineers. 

Such engineers also should have some reasonable appreciation of the eco- 
nomic relation of expenditures to highway capacity and highway use. Ex- 
penditures in this case mean total annual cost—that is, interest on investment, 
plus annual cost of upkeep. These factors should have a definite relation to 
traffic volume and operating costs. Of course, highway engineering cannot be 
entirely evaluated in dollars and cents but the nearer highway engineers can 
come to such evaluation, the nearer they will approach reasonable economic 
justification for the large expenditures they make. 

The writer is inclined to believe that where there are legitimate criticisms 
of highway design and highway structures this is due to incompetent engineering 
rather than to any lack of engineering knowledge by those who keep abreast 
of the developments of the times. This, however, is not a failing confined to 
highway engineering alone. 

Because of the general nature of highway work as part of a public works 
program, by which the appointment of engineers and the methods of their 
functioning may, in some cases, is dictated by political needs and exigencies, 
there is probably some incompetence in road design and construction and this 
is especially true in the smaller governmental units and rural districts. Such 
defects as result from this source cannot be enumerated or specified herein but 
the writer suspects that these are the defects that cause writers and commen- 
tators to refer to certain roads as obsolete before they are completed and to 
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place the blame for accidents on such defects. The remedy is better engineering 
by properly qualified engineers. 

Most important highway officials and engineers are fully alive to the neces- 
sity of meeting future needs, and know how to do it; but they evaluate these 
needs with some sanity and common sense. The writer, however, would like 
to mention, very briefly, some of the features of modern road construction that 
should receive general attention. 

Most of the States to-day have reasonably well conceived plans of main and 
secondary highways and are fully alive to the need of adequate surveys both of 
terrain and traffic. The importance of securing ample rights of way is fairly 
generally recognized, but there should be a reasonable balance between pro- 
viding for the future and the permanent alienation of taxable values. It is 
probably difficult to evolve any formulas that will guide the engineer in adjust- 
ing alignment and gradients to the topography. The old-time railroad locating 
engineer had his Wellington and values for curvature, distance, rise and fall, 
and rates of gradient. The highway locating engineer of to-day has little to 
guide him, but experience and judgment. It is here that communities and 
governments would be wise and well advised in procuring the widest experience 
and best judgment. Those responsible for highway location should probably 
err (if they err at all) in laying out the best alignment and gradients they can, 
to fit the topography and terrain reasonably well. It is suggested that sight- 
distance diagrams should be developed, at least in all cases of doubt. 

The present practice of separating the traffic on four-lane roads by a center 
strip may well be extended. There is some tendency to build traffic lanes wider 
than 10 ft. This is a question that should receive careful consideration as to 
its economic justification. Probably one of the most serious defects of some 
modern roads is their obstruction by stopped vehicles. Roadside filling stations 
and eating places probably serve a public need and help taxable property, 
but provision should be made for stopping vehicles off the main traveled way 
instead of on it. It is undoubtedly desirable that consideration be given to 
the provision of sidewalks, at least on some highways. 

The provision of reasonably wide hard shoulders and proper forms of side 
ditches is now generally recognized both as a necessary safety measure and as an 
aid to increased capacity. It would seem advisable to have all roadside 
structures set back a reasonable distance from the pavement or traveled way. 

It should not be necessary to refer to narrow bridges, except for the fact 
that so many exist as interruptions to the free flow of traffic on otherwise good 
roads. Itshould be a recognized necessary attribute of road improvement that 
the general newly established character of such roads should be maintained 
throughout the length of the improvement. 

It seems generally desirable that new roads should be designed so that they 
maintain certain general characteristics of alignment, gradients, width of pave- 
ment, etc., for considerable distances; but there seems to be no valid reason, 
why if proper signs and signals are displayed, changes in these characteristics 
may not be made if adequate considerations exist to warrant them and drivers 
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are properly notified. A certain standardization of warning signs and the 
method of their display is most desirable. 

All these features are well within the purview of the competent, informed 
highway engineer of to-day. In view of the needs of the vast network of roads 
all over the United States, it is doubtful whether highway planners can afford 
to be too visionary. Grade crossings with other highways and with railways 
can only be eliminated in special cases. The construction of expensive “‘free- 
ways” to facilitate certain traffic must be weighed against the needs of the 
entire highway net and particularly their effect on taxable values of adjacent 
lands. 

Perhaps the time has come when the construction of toll highways for 
trucks may be considered, but this involves consideration of the economic 
effect of maintaining the railway system, which seems to be gradually drifting 
toward Government control and possibly support by the taxpayers. Both 
railways and highways are tending to become part of one general network of 
land transportation. 

Viewing the entire problem as a whole, it seems that engineers cannot go 
much further to-day than to adopt the best current practice and to continue 
improving it as the need arises. What is really needed is to make certain that 
highway problems are placed and kept in the hands of engineers competent 
to solve them. 

No one expects to stand still, because standing still is really going backward; 
but, on the other hand, highway engineers are not to be stampeded into 
attempting to build highways for super-cars, driven by super-men who do not 
exist. 

Engineers (that is, competent engineers) have always been as forward 
looking and alert as other people—perhaps more so. They should continue 
to justify that tradition, but should continue trying to make their dollars earn 
the most interest. 


Epear Dow Gitman,” M. Am. Soc. C. E. (by letter) .“*—The Symposium 
entitled “Increasing the Traffic Capacity and Safety of Thoroughfares’’’ 
raised many of the same questions that the present Symposium now raises. 

First, one wonders if, in giving consideration to traffic problems, the word, 
“traffic,” does not mean the movement of all people and not just the movement 
of motor vehicles. Sidney J. Williams, M. Am. Soe. C. E., in his comment!? 
on the Symposium, stated that “much attention has been given to the time lost 
by automobilists on account of pedestrians, but little attention has been paid 
to the time lost by pedestrians on account of automobilists.’”’ This is a “ray 
of light” that should be brightened. Traffic regulation should be for masses of 
people and not for individuals. 

Second, although the writer’s natural instinct would be to emphasize the 
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dreds of accidents prove quite conclusively that only a small proportion of 
accidents are traceable to conditions in which pure engineering is a factor. In 
fact, there are data to indicate that as engineering improves conditions at certain 
points, the accidents increase rather than decrease. Some of the points in the 
city that are obviously the most dangerous have the fewest accidents. The 
obviousness of the danger seems to be one of the best deterrents to accidents 
that has been found. As roads are straightened, automobile drivers take more 
chances and are not as attentive. As a matter of fact, the situation can be 
summed up in this statement: “If people drove as they should drive, they could 
drive perfectly safely even in unsafe places.” 

Studies of events leading to an accident show that the vast majority of acci- 
dents are caused by influences that no act of engineering, short of complete 
separation and isolation of traffic lanes, could avoid. They are caused pri- 
marily by foolishness and carelessness, selfishness, lack of courtesy, and lack of 
consideration on the part of drivers of cars. No mechanical devices or physical 
rearrangement of streets can be substituted for the manner (or lack of manners) 
in which people handle automobiles. 

The full question of engineering, although important, has been emphasized 
to the point where automobile drivers use the theory as an alibi for their own 
actions. This does not mean that the engineering should not be made as 
beneficial as possible, but engineers are leading themselves into “the hole” of 
building up a point of view on the part of the public that accidents are the re- 
sult of something they have done wrong or something they have failed to do, 
and that drivers themselves cannot be held responsible unless and until the 
engineering is something highly idealistic and hypothetical and beyond all 
practical means of attainment. The engineering should go ahead, but the 
emphasis should be placed on the drivers and not on the engineering. 

Mr. Kettering states (see heading,‘ ‘Lighting—Road or Vehicle?”’), “‘author- 
ities agree on one fact: Night-driving conditions are far behind day-time condi- 
tions, and for one reason—lack of adequate lighting and glaring headlights.” 
Many data have been published showing that accidents at night are more 
numerous than accidents in the day time and in many of the papers including 
such data the definite conclusion is drawn that this is due to the absence of 
light, without any consideration of the many other factors in night driving. 
Of late, a few writers have attempted to proportion these factors properly. 
Certainly there are enough other factors to justify some question as to whether 
lack of adequate light on streets and highways is the one reason for a greater 
number of accidents at night than in the day time. 

Nearly all day-time driving is done by people who are soberly intent on the 
particular accomplishment of a business in hand. It is after the day’s work is 
done that social functions and parties are held. Practically all the driving 
under the influence of liquor is done at night. Accident records show that this 
is a big factor. The element of fatigue enters into night driving to a consider- 
ably greater extent that it does in day-time driving. Many police records of 
accidents at night have the notation ‘Driver fell asleep.” All the young men 
working, and in most cases those not working, use the evening to drive with 
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their “best girls,” and their attention is not always on their driving under these 
conditions. 

A mere tabulation of the time of day that accidents occur does not present 
a justification for the conclusion that night-driving hazards can be reduced at 
least to day-time driving hazards by lighting the highways. Furthermore, 
some serious thought should be given to the question as to what would be the 
effect of illuminating certain highways and not others. It is admitted that it 
would be impracticable to light all. What will be the effect of lighting some to 
an extent that will make it safe to go at certain speeds, upon the speed of drivers 
on other highways where it would not be safe to go at anywhere near those 
speeds? 

If the mental attitude of the mass of drivers could be ‘“‘built up” to a point 


_where good judgment could be counted upon, this would not be a problem; 


but in view of records of the immediate past is one justified in assuming that the 
drivers of cars in mass will exercise good judgment in the manner in which they 
drive? It is a strange commentary on the entire situation to say that if the 
streets were studded with cast-iron posts set in the road, requiring automobiles 
to be driven a tortuous and difficult path, there would probably be no accidents 
and no traffic deaths. Of course, there would be no speed and no mass move- 
ment in short times, and this is not desirable. 

It is good engineering to pull out these cast-iron posts from the middle of 
highways so that automobiles can travel in straight lines, and engineers, very 
properly, study and eliminate these physical obstructions to movement; but it 
is a fair question to ask whether they are not improperly designating such things 
by saying that they are eliminating “hazards” when actually, due to the psy- 
chology of the situation, they may many times be adding an intangible type 
of hazard when they are removing a physical obstacle. 

Sometimes, it seems that the public has placed the engineer in a very un- 
favorable position, that in which engineers are taking the responsibility even 
where it is not an engineering problem. Coincident with the study of engineer- 
ing in traffic, engineers should constantly emphasize the fact that the effect of 
engineering can be but minor on accident records and that deaths and injuries 
and accidents are largely a result of the action of the people themselves. Al- 
though engineers will work to try to get greater utilization of motor vehicles, 
there is a responsibility on the part of the people who use motor vehicles over 
which the engineer can have no control. 

This feeling that the engineer is responsible for the accidents has progressed 
to such an extent that there is a one-page article in a popular magazine of recent 
date rather strongly setting forth the claim that it is the duty of the engineer to 
separate roadways and crossings and make it impossible for children and 
pedestrians to get in the path of automobiles. It is a strange mind that can 
take such a position that this is the sole duty of the engineer. The engineering 
involved would present no great difficulties. The big problem in the ac- 
complishment of such plans is that of financing, and this means taxes. En- 
gineers can submit billions of dollars worth of plans for eliminating intersectional 
highway crossings in high-sounding terms of medial and other frictions. The 


q 


To 


September, 1938 HARTLEY ON MOTOR TRANSPORTATION 1497 


plans will involve a multitude of details, but none that presents insurmountable 
engineering obstacles. The obstacle to such plans is in the financing and the 
payment by the public for such idealistic construction. The public has not 
been able to provide the necessary money with which to eliminate the relatively 
few railroad grade crossings, and yet in the article referred to the statement is 
made that it is ‘‘up to the engineer” to provide road separations and other 
tremendously expensive structures. 

Engineers should not complacently permit themselves to be thrust into a 
false position in the traffic situation. They can do much to facilitate traffic 
movement if people will use their plans as they are supposed to be used. They 
can do something to add to traffic safety. They cannot do anything that will 
be a substitute for good judgment, common sense, and decency on the part of 
the man who has his hands on the wheel and his foot on the accelerator. The 
attitude of the public itself is the major problem in the safety angle of traffic. 
The public says it wants safety, but it resents enforcement and there has 
actually grown up a predominating belief that the problem of traffic safety is a 
contest in which the police and other enforcement agencies are on one side and 
the public itself is on the opposite side, fighting against each other. The prob- 
lem of traffic safety is a problem of mass psychology—the establishment in the 
minds of the masses of people of the true factors that cause accidents. En- 
gineers are too readily letting this fact sink into oblivion. 


GrorcE Harrier,” Esa. (by letter).2°—In the group of papers comprising 
this Symposium a valuable contribution to the art of planning future highways 
is ably presented. In his interesting résumé, Mr. Kettering has illustrated, 
splendidly, the possible future of highway travel. The entire Symposium 
would have been rendered more complete by the inclusion of a few additional 
details. ' 

The major part of Mr.. Kettering’s paper evidently represents careful 
editing of replies to the questionnaire (Items (1) to (18) under “‘Introduction’’) 
by the various contributors listed under ‘“Acknowledgments.” It would have 
been of interest had it been possible to include typical replies or edited replies 
to show the range of opinion expressed by the various contributors. Views 
not directly in accord with those of the authors might have been discarded or 
considered insignificant. 

Each of the authors attacks the problem from a theoretical engineering 
standpoint with only a slight reference to the importance of motor vehicle 
laws and their relation to engineering design. What good will a highway or 
motor vehicle, designed for, say, 80 miles per hr, be if some provision is not 
made to bring the law into such form as to allow speeds approaching this 
value. Engineers are constantly thinking in terms of increasing speed but, 
to-day, even on well traveled secondary highways, posted speed limits of 15 
and 20 miles per hr are not uncommon and the main express highways, rigor- 
ously patrolled, keep travel at a speed representing only a fraction of that 
for which the highway was designed. Safety proponents are always demand- 
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ing slower speeds and these bodies are constantly increasing in number and 
importance. Any serious attempt to revise present highway laws so as to 
allow increased speeds will surely meet organized opposition. 

Some mention should also have been made in regard to some form of 
standardized financing. Funds for any one structure may come from a 
number of sources with the subsequent duplication of services. Surely, in a 
properly planned highway, the financing should be arranged in such form as 
to permit steady growth and permanence. 

Messrs. Smith and Kettering discuss the parking problem in terms of a _ 
future Utopia without referring to the parking-meter system. Intended 
originally as an added tax-gathering system these meters are being installed 
at a rapid rate in crowded business districts. They create convenient short- 
time parking in shopping districts where once it was practically impossible 
to park. 

Mr. MacDonald condemns the design practice of the past without due 
consideration of the fact that these highways were built along single standards, 
because a certain minimum of width and construction were required regardless 
of service requirements. That many of these structures are still in service 
after a score or more years is truly a tribute to their designers. The older 
bridges in the United States (some of them more than fifty years old) also 
carry modern traffic. Fifty years ago when the horse and buggy represented 
the acme of transportation on the highways, who might have forecast or 
planned future traffic requirements? With their planned programs and im- 
proved materials, can engineers to-day design structures that will serve through- 
out the life of a planned program? May not the entire viewpoint be com- 
pletely revised in only a few years by new inventions or even the technique 
of planning itself? If so, the present generation of engineers must, in turn, 
await the criticism of its successors. The development of express highways 
to by-pass crowded centers of population may be one of the major factors in 
causing a revision of planning methods in Germany where the express highway 
established on a larger scale than in the United States, is already attracting 
commercial establishments with the attendant growth of adjacent residential 
districts. 


Rosert Kincery,” Esq. (by letter).217—As Mr. Smith states (see heading , 
“Introduction’’) no identical pattern or design of a road facility can be trans- 
planted directly from one metropolitan area to another. However, the good 
designs and successful operation of a given type of highway facility may be 
adapted to conditions in most metropolitan centers. Without question the 
original boulevard system in Chicago, IIl., laid out and acquired in 1869 and 
1870, has been imitated in many parts of the world. Perhaps the original was 
an imitation of some other system. Members of the Regional Planning Asso- 
ciation of Chicago have profited not only from the Wayne County Highway, and 
the Detroit Rapid Transit policies, but have studied and have incorporated, 
in major thoroughfares and super-highway designs, some of the parkway fea- 
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tures from Westchester County, New York, and from the Mount Vernon 
Parkway, near Washington, D. C. 

In the ten years since, in 1928, the Chicago Regional Planning Association 
originally laid out a program of major highways, super-highways, boulevards, 
or parkways, almost exactly one-fifth of that program has been completed. 
It is now (1938) advancing at a much more rapid rate. Of the 603-mile system 
in the 15-county area, 127 miles of right of way from 160 ft to 240 ft in width 
have been acquired, and 114 miles of pavement have been built, all outside the 
City of Chicago itself. 

Within the city about 14 miles of major trunk traffic artery of the parkway 
type have been completed along the lake shore from a point 6.5 miles north 
of the center of the city to a point 7.5 miles south. Entrance to the city from 
other directions is more difficult, there being no existing broad rights of way. 
Many studies have been made by the Chicago Plan Commission and by other 
official and unofficial bodies and now it seems more hopeful than ever before 
that a decision upon a comprehensive plan will soon be agreed upon, and 
construction begun by the co-operation of several highway building agencies. 

However, one note of caution might be injected into the subject of Mr. 
Smith’s paper. At many meetings of city planners and in many papers about 
metropolitan highway planning and about zoning one will hear or read of the 
conception of the dreamer who pictures cities with buildings and towers a 
thousand feet high, with miles of two-decked, three-decked, and multi-decked 
highways in centers of population concentration. To some planners this type 
of thinking is in the wrong direction. There is adequate evidence of the result 
of excess concentration of population and of commerce in small centers. One 
example among many is the fact that closely surrounding such an intensive 
concentration of high buildings is almost always a broad belt in which dis- 
integration is far advanced. The City of Chicago has such a belt, which is 10 
miles long and more than 3 miles wide. It covers 36 sq miles, or one-sixth the 
area of the city; and more than 260 000 people have moved from it during the 
past twenty years. Many of the tax delinquencies are in this area; and it 
includes a substantial number of both juvenile and adult delinquencies which 
form the principal police problem; as well as a substantial majority of fire- 
protection problems. Tax receipts from this area do not nearly support the 
governmental services to it. In slightly modified form, the same can be said 
of every large metropolitan area. 

Although high buildings with multi-decked highways—with masts for the 
anchorage of dirigibles, with landing fields for the clouds of aeroplanes that are 
seen in photographs of the “‘City-of-the-Future”—are all stirring to the imag- 
ination, by no means do they involve solvency of the municipal pocket-book. 

Construction of highway facilities, of course, will not solve all these problems, 
but it can come nearer to it. Penetrating the centers of these large cities 
and surrounding the business centers of them in the so-called blighted areas, 
the development of exceptionally broad rights of way or parkways with ade- 
quate space for pavements—on the ground level, elevated, or depressed—with 
adequate space for grass and trees will, in the judgment of many, do more to 
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reconstruct the city at its core than almost any other single influence. With 
the construction of such radial or belt line boulevards (or both), and with the 
addition of adequate parks and playgrounds in such a zone, and with courageous 
and intelligent zoning or re-zoning of the neighborhood, property values will 
be restored for residential occupancy of much of that area. 

For some decades too much attention has been given to the construction of 
buildings in the development of cities in the United States, and too little to their 
setting and their surroundings. The introduction of more open space in the 
form of boulevards and parkways is one of the greatest services that the high- 
way officials in metropolitan areas can perform, not only toward facilitating 
traffic movement, but toward salvaging and even enhancing the value of the 
metropolitan area as a whole. There would follow the further introduction, 
by park authorities, of the parks and playgrounds with their trees and grass, 
and the intelligent, unselfish and courageous zoning or re-zoning of large 
units of the metropolis. The result will be a better rounded community and 
sounder and safer distribution of traffic volumes. 


R. L. Morrison,” M. Am. Soc. C. E. (by letter).227—One of the most out- 
standing items in Mr. Kettering’s interesting paper is the constantly increasing 
maximum speed of automobiles from about 58 miles per hr in 1926 to about ; 
87 miles per hr in 1937. This is an increase of 50% in 11 yr, and the curve 
is almost a straight line, with practically no indication that a top limit is 
even being approached. 

Mr. Kettering states that “people, on the average, do not want to travel 
much faster than 60 miles per hr,’”’ and perhaps that is a reasonably safe speed 
on a good clear road in the daytime. Investigations made by the Michigan 
State Highway Department in 1936 showed average speeds of less than 50 
miles per hr, but the fastest 15% of vehicles were driven more than 65 miles 
per hr and, on one route, 70 miles per hr.2* This means that many of the 
drivers must have been using the entire speed capacity of their cars. Darkness 
slowed down this fastest 15% only 2 or 3 miles per hr although, even with 
good brakes and lights, they could not possibly stop before hitting a dark 
object on the road. 

While the maximum speed of vehicles was increasing 50% between 1930 
and 1937, the fatalities on rural roads (the only ones on which maximum speeds 
can be used) increased about 37%, and the rural night accidents increased 60 
per cent.* The increase in automobile registrations during the same period 
was less than 5 per cent. A close relationship between increased speed capacity 
of cars and increased rural night fatalities is evident. 

Mr. Kettering states that the roads “where it is necessary should be above 
or below the ground. * * * Crossings should be eliminated * * *,” and other 
safety features, which he lists, should be provided. Such roads would certainly 
cost at least $300 000 per mile. If 10% of all motor taxes could be spent 
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entirely on the construction of these superhighways (which is very unlikely), 
it would be possible to build about 300 miles per yr. Therefore, at the present 
rate of revenues, it would take nearly 200 yr to build the 50 000 or 60 000 miles 
of superhighways which are assumed to be needed. It is impossible for the 
writer to see how superhighways can ever make more than “‘a small dent” in 
the accident rate, assuming that they do reduce accidents where they are built. 
The paper discusses two items, the vehicle and the road, both of which are 
constantly being improved. The cars go faster each year and the roads are 
gradually being changed to facilitate fast driving; but, unfortunately, there is 
a third factor, and a very important one. It is very doubtful whether this 
third factor—the driver—had any more inherent ability to handle ears at 
high speeds in 1937 than he had in 1926. He doubtless developed a little 
additional skill during that time, but most accidents are caused by lack of 
judgment rather than by lack of skill, and certainly there is little evidence 
that the judgment of the average driver has improved. In fact, the less judg- 
ment he has the faster he goes. In other words, the automotive engineers and 
civil engineers are constantly producing cars and roads with speed capacities 
more and more beyond the ability of average drivers to use them safely. Of 
course, this is done to meet the desires of the motorists whom they both serve. 
To state the problem is much easier than to offer a solution. It can be 
said, however, that regardless of the responsibilities of the automotive and 
civil engineers, public officials have a very definite responsibility to use all 
reasonable methods to reduce accidents, and this is a responsibility that is 
very far from being met in many localities. For instance, there are scarcely 
more than 100 traffic engineers in the entire United States, and when a State 
or city does decide to have one the usual procedure is not to find and appoint 
an experienced traffic engineer, but to appoint to that office some engineer who 
has no knowledge of traffic engineering. Residence in the State or city con- 
cerned is usually considered of much greater importance than experience in the 
work which he is expected to do. A number of States still do not require 
standard driver’s licenses, and, in many places, both traffic laws and their 
enforcement are far below what they should be. 
Although Mr. MacDonald does not make the exact statement in his paper, 
it seems to be his guiding principle, that highways should be built so as to be 
of maximum service to the motorists who use and pay for them. Maximum 
service to the motorist through highway improvement includes decreasing 
his operating costs, saving his time, and increasing his safety, comfort, and 
general enjoyment of travel. It also includes making new areas available to 
travel for recreation or for other purposes. Of course, there are many other 
“benefits of good roads” of a more or less incidental nature. The main problem 
before highway administrators is to determine how available funds should be 
expended in order to render maximum service to the greatest number of 
highway users. 
Unfortunately, it is the spectacular that is likely to appeal most to the 
general public and to politicians in high places. One school bus is struck by a 
train and immediately almost a billion dollars is appropriated for railway 
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grade separations, although the same sum of money spent for such things as 
crossing gates, better street-lighting, the flood-lighting of street obstructions, 
and more efficient policing would probably save a vastly greater number of 
lives. Other billions are proposed for building four or six-lane roads across 
the deserts to accommodate a largely imaginary coast-to-coast or border-to- 
border traffic although millions of dollars are wasted annually by motorists 
traveling over untreated gravel roads and poor earth roads, and in crawling 
through congested city streets for the lack of by-passes around the cities. 


“see 


Broad vision of future needs is required for real progress in any field, but — 


it is possible that sound economics is more needed than dreams and visions in 
planning highway improvements for the next few years. Perhaps the greatest 
need of all is a determination of what constitutes sound highway economics. 
Even in that field there seems to be a great temptation to pile up vast imaginary 
savings. This is done by taking the difference in operating costs over pave- 
ments and over earth roads and assuming that every mile operated on a 
pavement results in this saving. This involves the assumption, of course, that 
all the millions of vehicles now using pavements would be traveling on earth 
roads if the pavements were not there, which seems palpably absurd. If these 
imaginary savings could be used to finance the super-highways on the desert 
all would be well. 

The very real savings that can be made to present highway users through 
sound improvements justify the kind of road-building program outlined by 
Mr. MacDonald. 


Roy F. Bessey,” M. Am. Soc. C. E. (by letter).2**—This Symposium is 
thought-provoking, timely, and valuable. The flattening out of motor 
vehicle curves shown by Mr. Kettering does not indicate the end. of the great 
national task of modern highway building, but rather the transition from the 
era of pioneer construction to the era of reconstruction, readjustment, and 
improvement for greater efficiency, safety, and beauty. 

Those responsible for highway design and construction have done an 
excellent job under difficult conditions, trying to keep pace with very rapidly 
developing or changing needs—with the growth of population, cities, industry, 
commerce, distribution, and technics, and, particularly, with the mushroom 
expansion of the automotive industry in both technics and production. In 
their thinking, many of those responsible have done much better than keep 


pace with public opinion in appreciation of many important requirements— ~ 


and, consequently, have been far ahead of adequate public financial support in 
meeting conditions. 

Although a great national network of good roads has been created, it may be 
concluded that transition from the pioneer stage of motor highway develop- 
ment is still under way. Advances in technology generally, and particularly in 
the field of automotive equipment; increasing density, diversity, volume and 


25 Consul i 5 ; * A 
Comn., Portland: Reale eu Resources Committee, Pacific Northwest Regional Planning 


%a Received by the Secretary July 25, 1938. 


September, 1938 BESSEY ON MOTOR TRANSPORTATION 15038 


saving, and recreation—all call for further, probably radical, improvements in 
highway design and construction. 

The pressures upon highway design and construction have been so great 
until recent years that there has been little time and means for refinement; 
but the present is none too soon to complete a new estimate of the situation— 
to re-evaluate needs and practices and to overhaul standards and plans. For 
this work the current nation-wide highway-planning survey is providing the 
essential data. 

A number of desirable changes and adjustments are indicated in the 
Symposium. More will be disclosed by the analyses of the planning survey. 
Others will be found in city, metropolitan, county, district, State, regional, and 
national planning studies. Obviously, highway plans will have to be ad- 
justed: (a) To the shifts of population and industries out of the centers of 
cities; (b) to other changes in population and industrial patterns; (c) to changing 
land use; (d) to activities relating to the conservation or exploitation of natural 
and economic resources (including flood and erosion control); (e) to other 
means of transportation (including rapid transit); and (f) to various other 
physical, economic, and social changes. 

Obviously, too, it will be desirable to transfer some of the emphasis in 
highway design and construction from questions, such as line, grade, and 
pavement, in which the art is relatively far advanced, to others, such as surface, 
lighting, parking, rights of way, and roadsides, which (perhaps unavoidably) 
have had less attention in the past. All the latter features are increasingly 
becoming of importance to highway efficiency and safety. Wide rights of way 
and suitable roadside control will be particularly important factors in delaying 
 absolescense. 

From a regional planning viewpoint, the new highway era seems very 
definitely to involve three outstanding problems and programs: 


(1) Trunk highway systems—modernization; 

(2) Secondary road systems—more complete co-ordination with such 
resources and facilities as forests, recreational areas, mineral areas, present and 
probable future land use, schools, etc.; and, 

(3) Co-ordinated transportation—establishment of more adequate rela- 
tionships of one means of transportation with another, and with the entire 


system. 


Requirements for trunk highway modernization will vary considerably (with 
geographical location, density of population, kind of traffic, etc.); but there are 
many requirements common to various conditions, such, for example, as 
location, alignment, grade, roadway and pavement standards to permit fast 
and continuous travel; freedom from the threats to movement; the safety and 
convenience involved in too-frequent crossings and points of ingress and egress, 
in roadway or roadside parking, in improper or excessive roadside use and 
obstruction, in conflicts with city and town congestions; provision for pedes- 
trians; and provision for parking on sites away from the roadway. Fortu- 
nately, an outstanding requirement of recreational highways—the control of 
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roadsides from the aesthetic standpoint—harmonizes generally with the 
requirements of commercial traffic and involves broad economic values as well. 

The “freeway” or “limited motorway,” with its wide rights of way, separa- 
tion of opposing traffic lanes, grade separations, rotary intersections, border 
controls, limited points of access, etc., seems to provide the general solution 
and to indicate the directions in which the most effective improvements can 
be made in trunk highways. 

A very intimate connection between highway-planning and land-use in- 
ventories and plans would seem to be the key to the most rational and efficient 
development of secondary road systems. 

The advantages of co-ordinated transportation need not be elaborated. 
Not the least is elimination of much of uneconomic or needless duplication and 
competition. Some of the directions for study and planning of co-ordinating 
features in the highway field might be exemplified: Feeder lines for railroads, 
rapid transit lines, waterways, ports; integrated terminal facilities; inter- 
changeable freight bodies or containers; roadside emergency airplane landing 
fields; and arterial express highways co-ordinated with airport locations. 

In passing into the new era of automotive transport, a higher degree of co- 
operation is essential. Now that some of the urgencies of the pioneer period 
have diminished, it is to be assumed that close co-operation is more practicable. 
Of course, this co-operation must be based upon a mutual willingness to strive 
to keep design in automotive equipment and design in highways in close 
harmony. A closer co-operation is also required as to highway location, 
design, construction, and operation between various levels of government, 
between adjoining governmental jurisdictions, and between those responsible 
for highways and those concerned with other means of transportation. 

Finally, if broad highway planning is to reach maximum practicable 
rationality and effectiveness, quickly, it should be very closely related to 
national, regional, State and local planning programs, and to functional 
planning in such fields as land use, zoning, industrial location, transportation, 


resource development, and recreation. Of course, the comprehensive highway — 


planning work will be reciprocally valuable in the general planning programs. 


ei 


rn 


Pee RICAN SOCIETY OF CIVIL ENGINEERS 
Founded November 5, 1852 


DISCUSSIONS 


aay 


ECONOMIC ASPECTS OF ENERGY GENERATION 
A SYMPOSIUM 


Discussion 


By MEssrRs. JOEL D. JUSTIN, AND PHILIP SPORN 
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JoreL D. Justin,= M. Am. Soc. C. E. (by letter).*—In view of the fact 
that there has always been considerable discussion as to the relative cost of 
transporting energy long distances, as coal by railroad, and of transporting it 
as electricity over transmission lines, a concrete case may be of interest. 

Several years ago it was proposed to construct a large steam plant on the 
Susquehanna River adjacent to the anthracite mines of Pennsylvania, utilize 
low-value anthracite (very nearly a waste product), and transmit the electric 
energy to Philadelphia, a transmission distance of about 150 miles. 

However, a thorough investigation of the proposal proved that it would 
be very much more economical to locate the proposed steam plant at, or near, 
Philadelphia and ship the energy as coal over the rails to the plant. This 
kind of transmission, by which power is transmitted long distances without 
take-offs, might be termed ‘‘express transmission,” and it is generally uneco- 
nomical except in the case of certain low-cost hydro-electric projects. This 
does not necessarily mean that long-distance transmission is uneconomical, 
however. Often, a minor load center reached by transmission could not alone 
support a large, low-cost, efficient steam plant, but several of these centers 
inter-connected may make such a plant economically advisable. There are 
also other factors which sometimes justify long-distance transmission as 
discussed by the writer (see text beginning “Reserve Capacity Savings Due 
to Inter-Connection’’). 

In considering the desirability of installing additional capacity, Mr. Sprague 
calls attention to the operating saving that may sometimes_be effected through 


Norre.—The Symposium on Economic Aspects of Energy Generation was presented at 
the meeting of the Society and at the Joint Meeting of the Power and Engineering- 
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J. M. Mousson, Ben C. Sprague, V. M. Marquis, R. L. Sackett, D. J. McCormack, and I. E. 
Moultrop; March, 1938, by Messrs. M. M. Samuels, and B. W. Kramer ; and May, 1938, by 
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the installation of a new steam plant, and shows by an example that such an 


4 


annual saving may sometimes cover a considerable part of the fixed charges - 


on the new plant. The statement is correct, of course, but the weight that 
should be accorded to this factor is sometimes quite uncertain. 

Thus, in the illustration given by Mr. Sprague, a new steam plant would 
operate at a capacity of 7 000 hr per yr, or on a capacity factor of 80 per cent. 
No steam plant operates for many years at such a high capacity factor. As 
shown by Mr. Samuels, the average annual capacity factor of all steam plants 
in the United States is about 34 per cent. 

In an economic study for the purpose of determining the advisability of a 
capital expenditure for a new steam plant, erroneous conclusions may be 
reached by assuming a capacity factor of 80% as in Mr. Sprague’s illustration. 
Although such a high capacity factor may rule for the first few years, experience 
indicates that the average annual capacity factor of the steam plant during 
its life is more likely to be something of the order of 35 per cent. Hence, 
such savings as those indicated,by Mr. Sprague should, more properly, be 
considered as temporarily contributing to the carrying of the fixed charges on 
the plant until such time as the full capacity of the plant is required. 

The foregoing is only one of the reasons why, in common with many other 
engineers, the writer finds it advisable, in economic investigations of this 
character, to make a study of the entire system, together with set-ups showing 
estimated results over a term of years in the future. 

Based on the best available load predictions, the object is to arrange a 
program to meet the increasing load with increments of capacity in such a 
manner that the total annual operating cost (for power supply) plus annual 
fixed charges on new money is always at a minimum as compared to what it 
would be with any other plan of development. This is a ‘‘cut-and-try’’ method 
and is necessarily laborious. Conclusions thus arrived at are often at variance 
with short-cut methods of analysis, but are much more reliable. If load 
growth does not proceed as estimated, the soundness of the conclusions are 
not usually affected, as, generally, this merely means that the program is 
stepped back or accelerated, as the case may be, to meet the new load estimates. 


Puitip Sporn,” M. Am. Soc. C. E. (by letter).**—It is interesting and 
gratifying that all the discussions are free from any great amount of “heat” and 
acrimony which prevail altogether too frequently in any discussion involving 
economics. For his own contribution to the Symposium, in particular, the 
writer anticipated much critical review because it dealt with that uncertainty 
—cost—and what is more controversial—comparative cost. He is particularly 
delighted, therefore, that the discussions are so generally commendatory 
leaving so little to discuss in the closure. 
The writer is not a partisan of either steam power or hydro power but he 
is an advocate of generating power in that manner which will be most econom- 
ical and, therefore, in that manner which is certain to be most productive 
both from a social and from a business standpoint. During the five years 


52 Vice-Pres. in Chg. of Eng., Am. Gas & Elec. Servi i 
i kd ; : ce Corporation, 1 ve 
5a Received by the Secretary August 17, 1938. zp n, New York, N. Y 
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since 1933 it has been assumed altogether too frequently that the former 
(that is, social benefit) could be obtained at the expense of the latter. The 
writer, however, does not believe that it can. If a situation to satisfy the true 
economic criteria demands hydro power, it should be used for that situation, 
but if the situation demands the use of steam power, the choice should be steam 
power. ‘The writer makes this statement because underlying some of the dis- 
cussions he detects a feeling (not openly expressed) that he has not been entirely 
impartial in his presentation and that he has, perhaps, “tipped the scales” in 
favor of steam power. This, of course, is not the case. Furthermore, the 
writer very definitely has refrained from adopting a regional viewpoint and 
has been unwilling to look at power as something that should be handled from 
a narrow viewpoint or from the viewpoint that what is locally available is of 
necessity the best simply because it is ‘‘on the spot.’’ On the contrary, he has 
always considered as the basic outlook for the proper engineering and social 
economic solution of the power problem, the principle that, regardless of where 
in the country the fuel or the materials must come from, as long as they are 
within the boundaries of the United States, in the long run the national economy 
would best be served by using those materials and that equipment which 
result in the lowest cost power. For some time to come it may be very un- 
economical to develop many hydro sites and, with the grave situation in which 
the soft coal industry finds itself, the national interest would best be served by 
adhering to steam power, provided steam power gives the net over-all lowest 
cost of power—and by that the writer does not mean cost after deducting any 
subsidies either of a direct or of an indirect nature. 

Again, this means that the writer is perfectly willing to look with equanimity 
upon the immediate present loss of white coal or hydro power, but he does not 
consider that a loss in the true sense of the term; nor is it of any grave con- 
sequence, provided the national economy is better served by developing some 
other form of power even if that involves the burning of fuel. 

Mr. Sprague’s point regarding certain limitations and qualifications neces- 
sary to be considered in connection with the data presented in Fig. 34, on the 
relative costs of freight and electrical transmission of energy, are well taken 
and are generally understood by every engineer who has anything to do with 
the power problem. That is, it is well understood that any study of the type 
made as the basis for Fig. 34, of necessity, fails to give consideration to the 
distribution angle and that from a distribution standpoint the economics of 
short transmission distances become more favorable to the electrical side as 
against the freight side. Hence, in spite of the apparent better economics 
obtainable by freight for transmission distances even as short as 30 miles, the 
mean weighted distance of transmission on the inter-connected system of the 
American Gas and Electric Company is actually close to 60 miles under normal 
conditions. 

However, Fig. 34 seems very much worth studying. Taking to heart the 
lessons it shows would obviate the bad effects of the large mass of misinforma- 
tion propagated almost daily by those who should know better as regards the 
feasibility or economy of long-distance transmission. Thus, quoting from a 
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United Press Dispatch as printed in the New York World Telegram of July 29, 
1938: 


“Mr. Ross suggested that the Columbia River on the west coast might even 
supply electricity to New York, 3,000 miles away, and the Niagara or St. 
Lawrence Rivers might send electricity to homes in Florida or for irrigating 


the Southwest. ~ 
“Mr. Ross expressed his ideas to the Engineers’ Club of Seattle. He has 


made a special study, at the request of President Roosevelt, he said, of the 
possibilities of transmitting electricity from one part of the country to the other. 

“The results of such a system, Mr. Ross said, would be cheaper electricity, 
more abundant use of it and improved service to consumers. He said the 
price would be reduced because a purchaser now getting electricity from a 
distance of 100 miles could get it as cheaply from a distance of 1,000 miles. 

“Direct current transmission would be used between the major plants sug- 
gested by Mr. Ross, but the present alternating current system would not be 
disturbed.’ 


The writer has followed very closely every major transmission development 
for the past twenty years and has been intimately associated with the expansion 
and development of the transmission art during that period. He has particu- 
larly followed at close range the work that has been done and that is being done 
in the development or the attempted development of direct-current trans- 
mission, and all that he can say in connection with any opinion that economical 
1 000-mile or 3 000-mile transmission of power is imminent, is that it is pure 
‘“poppycock,”’ and that on the whole does not warrant any serious lay, let 
alone engineering, consideration. 

Mr. Samuels seems quite unhappy about the purported inaccurate use of 
some of the terms such as “load factor,” ‘use factor,” and ‘‘plant factor.” 
The writer cannot help but agree with him, but he feels that it will be necessary 
to wait for a younger generation to grow up and be taught before any degree 
of perfection is possible. The writer does not agree that 15 yr should be 
considered the average life of a steam plant because he does not believe that 
any such conclusion would be correct even if statistics may make it appear 
so. For 20 yr (1918-1938), the power industry has grown very rapidly. As 
a matter of fact, until the depression that started in 1930, regardless of the 
changes in the business cycle, there never was a year in which the output of 
electric energy by utility industries was not greater than the preceding year’s 
output. Changes in the art of steam power generation moved forward just 
as rapidly. This led to a very high rate of obsolescence on steam plants, both 
from inadequacy and change in the art, but more so from inadequacy than 
change in the art. To-day, the electric utility industry has definitely passed 
the period of very rapid growth and is subject to the same fluctuations of the 
business cycle almost to the same degree as other businesses ; and, although the 
art of steam power generation is continuing to improve, the effects of obso- 
lescence and inadequacy probably will not be such in the next 20 yr as to 
limit the plants that are now being built to a life of only 20 yr. As a matter 
of fact, many of the developments that have taken place during the past several 
years have been such as to arrest, definitely, the sharp obsolescent trend of 
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plants built in the decade, 1916-1926. Therefore, the writer believes that Mr. 
Samuels’ selection of 15 yr for the life of a steam plant is ultra-conservative. 

Mr. Kramer takes exception to some of the statements in the paper with 
regard to the status that hydro-electric energy holds in the present power 
“picture” of the United States, and specifically points out that its position in 
the Northwestern States is better than would be indicated by the statements 
that hydro plants in general as a source of power, are out of the economic range. 
He may be correct as regards certain sections of the Northwest; but the 
writer does not believe he is right as regards California, and he is quite certain 
that Mr. Kramer is wrong as regards the Southeastern States. Furthermore, 
as regards the Northwest, the writer is not at all certain that if consideration 
is given to the definite static conditions of hydro developments (that is, to the 
fact that anticipated improvements in that field are almost negligible, whereas 
the improvements that can be looked forward to in the steam generation art 
are many), the economics would not be again in favor of steam generation. 
However, even if Mr. Kramer were correct, it is a fact that 70% of all the 
energy generated and used in the United States is produced in the area east 
of the Mississippi River, and the writer’s statement, even in its full broadness, 
is definitely applicable to that region. 

Mr. Kramer also takes issue with the use of 10.75% as a fixed-charge rate 
for hydro plants, and he shows a build-up whereby he gets a value of 6.87 per 
cent. Even disregarding the fact that there is no general agreement on this 
point (and the writer, definitely, does not agree to the basis followed by Mr. 
Kramer in building up his fixed charge of 6.87% by the use of the sinking-fund 
method of depreciation), there is the further fact that what is really important 
is the relative value of fixed charges. Mr. Kramer does not make clear that 
where the writer has used 10.75% as a fixed charge for hydro-electric power 
he has used a fixed charge of 12.75% for steam plants and that, if a charge of 
6.87% is the proper one for hydro plants, then logically 8.87% would be the 
proper one to use for a steam plant. 

Again, Mr. Kramer takes exception to the statements that the most 
economical sites were developed long ago and states that this is not true if 
applied to such developments as Boulder, Bonneville, or Grand Coulee, or to 
the undeveloped project on the St. Lawrence River. His conclusion is that 
in many cases such projects have not been undertaken heretofore on account of 
their size. This disregards the fact that one of the principal reasons that they 
have not been developed is that they are located such a distance from a market. 
There is much undeveloped hydro-energy in Alaska but, for the present, at 
least, it will have to remain undeveloped until local markets for it are found. 
It cannot possibly be brought to market economically in the United States. 
There are many people who believe that much of the power that is now under- 
going development is uneconomical power for the reason that the cost of 
bringing it to the market makes the combined delivered cost so much greater 
than power that could be generated within reasonable distances from the 
market. : 

A number of other points have been raised which the writer would like to 
discuss but space will not permit. They are so important and so technical 
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that it would involve the preparation of a discussion of a length perhaps equal 
to some of the papers in the Symposium. For instance, Mr. Samuels quotes 
Mr. Knowlton as having recently presented in the Electrical World a tabulation 
of large plants from which it appears that, above a certain point, the saving 
in fuel brought about by a higher steam pressure is offset by higher fixed 
charges. This merits considerable discussion. There is the aspect, for ex- 
ample, that what is special practice as regards pressures and temperatures 
to-day, becomes standard practice five to ten years from the time such tem- 
peratures or pressures are first brought within a practical operating range. 
There are many other phases of this problem that need to be discussed. The 
discussion of subjects such as this one would be interesting and informative 
but probably would not add sufficiently to the value of the Symposium to 
warrant the time and the space. It may very well be apropos for discussion 
at some other point. 


‘ abt 


eee ee 
PmteeloAN SOCIETY-OF CIVIL ENGINEERS 
Founded November 5, 1852 


Peo UisSl ONS 


PIN-CONNECTED PLATE LINKS 


Discussion 


By HAROLD D. HussgEy, M. Am. Soc. C. E. 


Harotp D. Husssy,® M. Am. Soc. C. E. (by letter).°*—This paper is of 
much value in its field of structural design and especially in giving an empirical 
solution to a very complicated problem in buckling of plates; that is, the 
buckling of plates behind the pin in a pin-connected tension member. The 
tests which are reported were made on plain plates of uniform width and the 
author does not claim that his conclusions will apply to members of non-uniform 
width, such as eye-bars. The writer wishes to call attention, however, to some 
tests on eye-bars that agree very closely with the results obtained by Mr. 

_ Johnston. 

When the width of the plate is given, the thickness required to prevent 

“dishing” can be determined from Equations (5) and (6) as follows: Let 


5. = M; and, © =N. Solving for , 
fe ae Care ee POF hag $C Nolet aa l (61) 
Dividing both sides of Equation (61) by D, and letting * =t p> ands 
ip = Mbp cer iiet ait: uta ae (62) 


Calculations show that the factor, 2 , has an approximate value of 0.3 V bp; 
therefore fp = 0.3 bp V bp; and, 
t= 0.30, ae ate eeeeh nt a3 Ni (63a) 
Di, 


—The paper by Bruce G. Johnston, Assoc. M. Am. Soc. C. B., was published in 
Maree 1038, D aseadhae: This discussion is printed in Proceedings in order that the 
views ‘expressed may be brought before all members for further discussion of the paper. 
® Designing Hngr., Am. Bridge Co., New Mork Na ve 
9¢ Received by the Secretary August 12, 1938.” 
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Solving Equation (63a) for b., 
i pst 2 
b, = 2.23t se Sh (636) 


The value of a is determined from Equation (5). 

The use of Equations (63a), (630), and (5) will result in a design which 
has equal resistance to failure by fracture at the side of a pin-hole, fracture 
below a pin-hole, and “dishing.” Specimens that failed by fracture at the 
side of a pin-hole did so at an average stress in that section equal to, or slightly 
higher than, the ultimate tensile strength of the material as determined by 
standard tensile tests. A common specification is that the net section through 
a pin-hole shall be at least 40% greater than the net section of the member.” 
This shows that standard design requirements are on the side of safety. 

In the “Summary,” the author states, “* * * the results of this paper are 
not intended to apply directly to pin-connected plates having the shape of 
standard eye-bars unless tests on such eye-bars show agreement with the 
present results.” Records of tests of standard eye-bars which broke in the 
head are extremely rare because of the fact that eye-bars are usually made to 
certain minimum requirements, one of which is that the diameter of the pin 
shall be not less than seven-eighths the width of the bar. 

Occasionally, however, eye-bars are made, which vary from standard 
practice, and they sometimes fail in the head. The latest case of this kind, 
to the writer’s knowledge, occurred in 1931, when a 7-in. by 1-in. eye-bar was 
tested to destruction. The two heads were 16.5 in. in diameter and the pin- 
holes were 7 in. and 5.25 in. in diameter, respectively. The eye-bar failed by 
“dishing”’ and fracture in the head having the smaller pin-hole. . 

An analysis of this eye-bar head according to Equations (2), (3), and (4) 
indicates that failure should take place by “dishing.”” Solving Equation (4), 
Soe = 93.8 kips. 

This means that a 16.5-in. rectangular plate with the pin-holes in the two 
ends should have failed by ‘‘dishing” back of the 5.25-in. pin when the bearing 
stress between the pin and plate reached the foregoing value. The total 
tension on the plate would then be 492450 lb. The eye-bar in question 
failed by “dishing” and fracture back of the 5.25-in. pin under a load of 492 000 
Ib (reading to the nearest kip), indicating agreement between this eye-bar 
test and the author’s work. This is further verified by the fact that another 
eye-bar, which was a duplicate of the one noted, had been tested a few months 
earlier, and the failure had occurred in the body of the bar. This appears 
contradictory, but when it is noted that this eye-bar failed under a tension of 
470 kips it is seen that the material failed just before the head of the eye-bar 
was about to fail by “dishing.” These tests indicate that the author’s results 
will apply to standard eye-bars. 

If standard practice had been followed when making these eye-bars the mini- 
mum size of the pin would have been 6 in. in diameter (seven-eighths of 7 in.). 
A re-test of two more 7-in. by 1-in. eye-bars was made, but instead of using a 
5.25-in. pin at one end the pin was made 6.25 in. in diameter in order to deter- 

“A. R. E. A. Specification for Steel Railway Bridges, 1935. 
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mine whether this increase would have any influence on the result. Both 
these eye-bars broke in the body of the bar, as would be expected from the 
author’s results (a solution of Equation (4), using a 6.25-in. pin, shows that 
it would require a total tension of 520 kips to cause this head to fail by ‘“dish- 
ing,’ whereas the eye-bars failed under tensions of 474 kips and 470 kips, 
respectively). 

The author refers (in the ‘‘Introduction’”) to ‘forged’? eye-bars. The 
writer wishes to emphasize that, although the two heads are produced by 
upsetting (or forging), the main body of the eye-bar is a plain rolled plate, or 
bar. For example, an eye-bar 65 ft from center to center of end pins has 
nearly 60 ft of rolled material with 4 ft to 5 ft at each end that has been forged. 
When a “forging” is specified, the material is manufactured to A.S.T.M. 
Specification A18, whereas A.S.T.M. Specification A7 gives complete require- 
ments for annealed eye-bars. There is a considerable difference between these 
two materials. The latter specification is generally used for eye-bars, whereas 
the former never is; and when the term, “forged,” is introduced, it leads to 
confusion. 
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AERODYNAMICS OF THE PERISPHERE AND 
TRYLON AT WORLD’S FAIR 


Discussion 
By Megssrs. ELLIOTT G. REID, AND KARL ARNSTEIN 


Exxiort G. Rerp,' Esa. (by letter).**—It is the writer’s opinion that several 
phases of the work reported in this paper should not be allowed to pass un- 
challenged. 

The theory presented is not only inapplicable but highly misleading. 
To be sure, the distribution of pressure over a large part of the surface of a 
sphere which moves through an unlimited mass of air is satisfactorily predicted 
by the methods of classical hydrodynamics. Therefore, determination of the 
velocity potential for the motion of a sphere parallel to a plane boundary 
might be expected to enable qualitative determination of the boundary inter- 
ference effects. However, the mathematical complexity of this problem is so 
formidable that Lamb® gives only “the first steps in the approximation” and, . 
of course, not even Neumann’s’ rigorous solution covers the practical problem 
which is further complicated by interference effects arising from the foundation 
structure of the Perisphere. These facts would seem to justify, if not to compel, 
the omission of all but qualitative theoretical treatment. 

Nevertheless, the authors actually present a substantial reproduction of 
Lamb’s approximate solution—which is entirely inapplicable when the sphere 
is close to the boundary surface. It appears that the significance of the sub- 
stitution of c* for r? has escaped them because they conclude (following Equation 
(18)) that “‘the velocity, theoretically * * * is the same at symmetrical points 
above and below the sphere, when in the presence of the ground,” and that 
“the stagnation points are not changed by the ground board.” Inspection of 


ge 


Note.—The paper by Messrs. Alexander Klemin, Everett B. Schaeffer, and J. G. 


Beerer, Jr., was published in May, 1938, Proceedings. This dis i i i = 
ceedings, in order that the views expressed may be feat ore all members, 2c etal 


Biasccsion of the-paper. ght before all members for further 
kaye Prof. of Aerodynamics, Dept. of Aeronautics, Stanford Uniy., Stanford University, 


5a Received by the Secretary July 1, 1938. 


8“ Hydrodynamics,” by Horace Lamb, Cambridge, 1906, Third Edition, pp. 124-125. 
7“ Hydrodynamische Untersuchungen,” by C. Neumann, Leipzig, 1883. 
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the potential flow pattern for this case’ demonstrates not only that both con- 
clusions are unfounded but that the experimental results (Fig. 13(a)) are in 
qualitative agreement with hydrodynamic theory. 

The significance of the results of force and pressure distribution tests on 
the Perisphere is highly questionable because the authors’ interpretation of 
Fig. 4 is not justifiable. They err first by assuming the numerical values to 
be correct. The important portion of the curve (that is, that for which 
Rk > 3 X 10°) is substantially that determined by Wieselsberger? who sup- 
ported his spheres approximately as illustrated by Fig. 5. The importance of 
the interference effects which characterize such installations was first demon- 
strated by the writer! in 1923; subsequent investigations by Wieselsberger" 
and Flachsbart'? confirm his findings and thus invalidate that part of the curve 
upon which the authors predicate their extrapolation of model test results to 
full scale. According to the most reliable information available, the value of 
Cp at R. = 750000 is about one-half that shown by Fig. 4. . Even more 
important, however, is the authors’ erroneous assumption (also based on 
Fig. 4) that an unchanging flow pattern exists at all values of R. greater than 
1400000. The fallacy is exposed by Jacobs’ tests!® which show that Cp 
- increases continuously while R,. varies from 1 400000 to 2600000. (It is 
noteworthy that in the case of the full-scale Perisphere the value of R, would 
be 140 000 000 at a wind speed of 70 miles per hr.) Since neither theory nor 
experiment justifies such procedure, use of the unaltered model pressure data 
for “the most painstaking load integrations” seems likely to prove love’s 
labor lost. 

Discussion of the pressure distribution tests would be incomplete without 
- reference to the explanation which appears in the last two sentences under 
“Pressure Distribution Tests on Sphere: Sphere in Free Air.’”’ The authors 
appear to have explained a non-existent phenomenon, that is, in Fig. 12, 
the maximum suction developed does not exceed the calculated value. 

_ Turning now to the Trylon, if that were to be an isolated structure and if 
the variation of wind speed with height were unimportant, the model test 
results might provide a rational basis for estimating the total wind loads on 
the full-scale structure. However, since the interference of the adjacent 
Perisphere would undoubtedly modify—and, with some wind directions, would 
_ probably augment—these forces, the omission of interference tests makes the 
validity of the recorded results somewhat dubious. No occasion for surprise 
is evident in the result, Cp = 1.433; narrow rectangular plates have long been 
known to experience relatively large resistances. Finally, since information 


8“ Applied Hydro- and Aeromechanies,” by L. Prandtl and O. G. Tietjens, New York, 
1934, Fig. 58, p. 109. 

9‘ Wurther Information on the Laws of Fluid Resistance,” by C. Wieselsberger, Na- 
tional Advisory Committee for Aeronautics, Technical Note No. 121, OME bare 

ee i f Spheres in Wind Tunnels and in Air,” by D. L. Bacon an als 
Reid, ut Aa AeOry. Goramittes for Aeronautics, Technical Report No. 185, 1923. ; 

un“ i rbesserung der Stromung in Windkanalen,” by C. Wieselsberger, reac 
at the Teeth Scecion of the Tepanese Soc. of aieck Engrs., March 19, 1925. vi. 

12“ Recent Researches on the Air Resistance of Spheres,” by O. Flachsbart, National 
Advisory Committee for Aeronautics, Technical Memorandum No. 475, 1928. 

18‘ Sphere Drag Tests in the Variable Density Wind Tunnel,’ by EK. N. Jacobs, 
National Advisory Committee for Aeronautics, Technical Note No. 812, 1929. 


1516 ARNSTEIN ON AERODYNAMICS OF PERISPHERE AND TRYLON Discussions 


concerning the distribution of wind loads was sought, it seems regrettable that 
tests were not made to determine the severity of the pressure gradients near 
the edges of the Trylon. 


Karu ARNSTEIN, Esq. (by letter).!4@—The wind tunnel tests and theo- 
retical consideration of models of the Perisphere and Trylon that the authors. 
are making add more light to the problem of designing structures of unusual 
nature to withstand aerodynamic loads. These tests are interesting to the 
writer because they are somewhat parallel to problems encountered in designing 
the large airship hangar at Akron, Ohio, for which the senior author conducted 
wind tunnel tests on a hangar model which were later confirmed to a very 
reasonable degree by full-scale tests made at a later date on the hangar itself. 
These full-scale tests and related design considerations have been published.® 

There is one conclusion made by the authors which should be scrutinized 
more closely. In Conclusion (20) it is suggested that the static pressure inside 
the sphere should be about equal to the outside static pressure. In large 
buildings such as the Perisphere or an airship hangar, ample ventilation must 
be provided to accommodate changes in temperature and barometric pressure 
and for other considerations. For any static loading condition the internal 
static pressure of the building must equal the local pressure at the ventilator 
or other openings, such as doors, which, in turn, must correspond to the local 
external pressure at that point. Since the external pressure pattern may 
change greatly for any fixed point on the surface of the building, depending 
on the direction of the wind, it is difficult to imagine the internal pressure 
remaining at any constant value. 

In the case of the airship hangar it was assumed that the internal pressure 
could vary from the greatest ventilating suction to the greatest over-pressure 
to be expected from any local opening. 

44 Chf. Engr., Goodyear-Zeppelin Corp., Akron, Ohio. 


14a Received by the Secretary July 12, 1938. 


1%“ Wind Pressures on the Akron Airship Dock,’ by K. Arnstein and W. Klemperer, 
Journal of the Aeronautical Sciences, January, 1936. 
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OBSERVED EFFECTS OF GEOMETRIC DISTOR- 
TION IN HYDRAULIC MODELS 


Discussion 
By HERBERT W. EHRGOTT, Esq. 


Hersert W. Enrcort,! Esa. (by letter).4“~—The general attitude toward 
models expressed in this paper may be described as an optimistic skepticism, 
a wise attitude for all hydraulic experimenters to adopt. When working for a 
“crank,” it is politic to make a close study of his foibles, and to discover the 
limits beyond which it is not safe to go. No one will question the statement 
that -hydraulic models—particularly open-channel models—are “‘cranky.’’ 
The author has undertaken to evaluate the queer quirks of distorted models, 
while persuading them to yield valuable information despite their shortcomings. 

In his discussion of Studies Nos. 2, 3, and 5, Table 1, Lieutenant Nichols 
shows that the so-called Law of Compatibility is of little value in cases of 
submerged dikes in open-channel models. This conclusion is correct, and is 
understandable, when it is considered that the law of compatibility (Equation 
(1)) was derived for the case in which: (a) Model and prototype roughnesses are 
equal (n, = 1); () ratio of hydraulic radii is equal to depth ratio (R, = d,); 


and, (c) there is no supplementary slope (s. = rE) Of these three assump- 


tions only the third is true in the three studies cited. The hydraulic radius 
ratio in distorted models is never equal to the depth ratio, and varies from 
section to section and from stage to stage within each cross-section. The 
hydraulic roughness ratio in open-channel models can seldom be made equal to 
unity, as is apparent from Table 3 in which are given all roughness coefficient 
data for small channels, available to the writer. 

Note.—The paper by Kenneth D. Nichols, Jun. Am. Soc. C. E., was published in June, 


1988, Proceedings. This discussion is printed in Proceedings in order that the views ex- 
pressed may be brought before all members for further discussion of the paper. 


4Capt., Corps of Engrs., U. S. Army, Care of Dist. Engr., Binghamton, N. Y. 
4a Received by the Secretary July 30, 1938. 
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TABLE 3.—OxssERvVED VALUES OF MANNING’s ROUGHNESS COEFFICIENT n 
FOR SMALL MODELS 


Cross-SEcTION Brep MATERIAL 


Num- 
Mean Pe pete 
Align- grain to) 
— Variati ment diam- ob- conta 
ariation eter, M serva-| cient, 
Shape between Type D, ovement tions n 
sections aut 
milli- 
meters 
1 | Trapezoidals | Uniform | Straight | Clay; smoothed and|.... | None 7 | 0.0105 
tampeds 
2 | Rectangular> | Uniform | Straight | Smooth cement ner sates 95 | 0.0105 - 
3 | Rectangular | Uniform | Straight | Fine sands; smooth bed | <0.6 | Weak 52 | 0.0107 
4 | Natural Slight Curvede | Smooth cement S aa Sails 1 | 0.0130 
5 | Semi-circular | Uniform | Straight | Smooth cement see Stee 1 | 0.0132 
6 | Trapezoidal* | Uniform | Straight | Tamped clay .... | None 9 | 0.0135 
7 | Trapezoidala | Uniform | Curvede | Tamped clay et poe 15 | 0.0145 
8 | Naturale Uniform | Straight | Sand haa tna 3 | 0.0146 
9 | Natural Average | Curvede | No fines? (M = 0.75) 1.06} Waves 6 | 0.0148 
10 | Trapezoidal® | Uniform | Straight | Tamped clayey earth} wer Sicfoas 3 | 0.0155 
11 | Rectangular> | Uniform | Straight | Sand 9;2 (M = 0.57)i 4.0 | General 50 | 0.0161 
12 | Trapezoidal? | Uniform | Straight | Tamped clayi and .... | None 4 | 0.0182 
rounded river stones, 
: : 10 to 12 cm* 
13 | Natural Moderate} Curvede | Haydite; towhead sec- 1.04] General; 6 | 0.0201 
tion waves 
14 | Natural¢ Extreme | Curved! | Smooth concrete He Se 4 | 0.0203 
15 | Trapezoidale | Uniform | Straight | Gravelly earth .... | None 9 | 0.0205 
16 | Natural Average | Curvede | Slag coal (pg = 1.36) 1.08 Te 17 | 0.0210 
genera. 
17 | Rectangular | Uniform | Straight | Heavily stuccoed con- tee 0.0214 
crete 
18 | Natural Average | Curvede Heavily stuccoed con-| .... ciate 6 | 0.0230 
crete 
19 | Natural Average | Curvede | Fine sands <0.6 | Waves and| 55 | 0.0230 to 
‘ riffles 0.0260 
20 | Rectangular> | Uniform | Straight | Fine sands™ <0.6 | Waves and] .... | 0.013 to 
riffles 0.026 
8 Compound trapezoidal section for proposed Canal d’Alsace. b Tilting flume at U. S. Waterways 
Experiment Station. ¢ Stream allowed to scour to equilibrium within fixed banks. 4 Helena- 
Donaldsonville Model before roughening. ® Moderately. f Extremely tortuous. e With extreme 
care, b Including 30% ovoidal calcareous particles which protruded as the clay was washed away. 
i Smooth and scouring bed; no riffles. 3 In the deep section. « In the shallow section. 1Or very 


piace Screened m Paper 17, U. S. Waterways Experiment Station. n M = Kramer’s uniformity 
modulus. 


Referring to Item No. 15, Table 3, the gravelly earth had the following 
composition: 


Type Percentage 
‘Arable:earthis «ce 4.08 kee 50 
Sand tyke alls ho Pe ees ee 30 
Fine gravel (8 to 10 mm).......... 10 
GravelslOito.3 Okmin) 2a eee oe 10 

EO base ee nee aed ee 100 


In Item No. 20, the value of n decreases with increasing grain size, but not 
in direct proportion; for example: 


Mean grain diameter, Roughness 
jnillinetere oe me eo 
OS205 ere... he cas ee ee .... 0.026 
0:35...5 vss sh. kde . 0.021 
O:b6eu)s Saree ee «o See a ee OLO Nes 
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The writer is inclined to be skeptical of the value of any quantitative results 
to be obtained in model studies of open-channel models involving submerged 
works, in which the channel is distorted, while the submerged sills, dikes, or 
dams remain undistorted. Such problems involve both Froude’s and Rey- 
nolds’ Laws of Similarity, acting together in undetermined ratios (Hisner’s 
“Zusammenwirkungsgrenz”). Only a geometrically similar model of this 
type may be counted upon to give results that are transferable to Nature. This 
is not to say that model studies such as Study No. 3, Table 1, are without value. 
Quite the contrary. The action of different types of submerged works, as 
compared with each other, may be revealed clearly by such a study; and a 
general knowledge of the effects of a moderate degree of vertical distortion 
indicates that such relative action will probably be closely similar to the 
corresponding action in the prototype. It is to be hoped that if and when the 
sills are built in the St. Clair River, a re-check will be made on models to answer 
the question of transferability of results in problems of this ambiguous type. 

In connection with Study No. 6, Table 1, the writer has made a study of the 
variation of the hydraulic radius ratio from cross-section to cross-section and 
from stage to stage. Forty typical river cross-sections were plotted to various 
distortions, and the ratios of hydraulic radii for each section and for each dis- 
tortion were calculated. It was found that: 


(1) The hydraulic radius distortion varies approximately parabolically with 
the depth distortion; 
Width 


(2) The hydraulic radius distortion varies with the ratio, Ma and depee : 


and, 
(3) The width-maximum depth ratio varies with stage, in a quite uniform 
manner, regardless of exact shape of cross-section. 


There was some indication that shape of cross-section had some importance, 
but the indications were so slight and erratic that it was felt that inclusion of 
this factor would constitute an unjustifiable refinement. 

The author gives a corrected “law of compatibility,” into which none of the 
three assumptions made in the case of Equation (1) enters. This formula 
(Equation (4)) may be clarified, and its application simplified, if it is rewritten: 


shes 1 ee 1.33 ] 
(=) sae - (2) nm suispieh stat & pity shells inineel eo hieiinls one (5) 


In this form the three adopted scales built, or to be built, into the model ap- 
pear on the left-hand side, whereas the resulting discrepancy from dynamic 
similarity, due to differing hydraulic radius distortions for each stage and cross- 
section, are given on the right-hand side, together with the degree of roughness 
distortion to correct for the discrepancy. Equation (4) written in this form 
(see Equation (5)) makes it perfectly clear why adjustment of a fixed bed 
model, such as the Helena-Donaldsonville Model (Study No. 6, Table 1), in- 
volves “cut-and-try” variation of the roughness throughout the model, and 
at various stages. Theoretically, the exact roughness to be applied for each 
section and each stage could be computed from Equation (5) (assuming that 
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Manning’s equation is strictly applicable to the model, which it is not); actually, 
it is simpler to apply approximately the correct average roughness and then 
smooth or roughen the model locally to “iron out” the numerous humps and 
sags. Equation (4) would seem to indicate that, within the limits imposed by: 
(a) The streaming-shooting limit; (b) the laminar-turbulent limit; (c) the 
hydraulic roughness limit (nm cannot be made smaller than 0.009, nor greater 
than 0.026, without actually constricting the cross-section); (d) the limit im- 
posed by the angle of repose of bed material; and, (e) bed movement limit 
(tractive force limit); any combination of vertical, slope, and hydraulic rough- 
ness distortions which makes the left-hand member equal to unity, may be 
used. 

Since the depth distortion, once chosen, is usually invariable, and since the 
hydraulic radius distortion for any particular section and stage is fully de- 
termined by the shape of the cross-section and the vertical distortion, it follows 
that if Froude’s law is to be approximated, a model with constant roughness 
(at different stages) must be operated with varying slope distortion. Con- 
versely, if a model is to be operated with constant slope-ratio, the roughness 
ratio must be made to vary with stage so as to keep Equation (4) in balance. 
In practice, of course, these considerations impose difficulties, often insuperable, 
so that the model cannot be brought to operate in compliance with Froude’s 
law. The usual practice is to operate with constant roughness and slope ratio, 
and a discharge scale which varies with stage. (One model study completed 
at the United States Waterways Experiment Station, in 1938, was made with a 
variable slope scale, with excellent results.) : 

In Conclusion (3) of his description of the Helena-Donaldsonville model, 
Lieutenant Nichols gives the discharge scale, and states that it is greater 
than that required by Froude’s law. If the reference is to Equation (3) it 
should be explained that this is not Froude’s law, but an equation of compati- 
bility between Froude’s law and Manning’s formula; Froude’s law proper does 
not apply to open-channel models. If a different formula for C were used, 
which is applicable equally to both model and prototype, it is possible that the 
discharge scale would be found to check closely with that required by theory. 
By plotting the value of Chezy’s C for a large number of observations taken 
from models of all sizes and descriptions, as well as from small, medium, and 
large canals, flumes, and rivers, against the corresponding values of the product, 
V R, the writer has developed the formula, 


1.81 
GS 70-0878 (Vie Fe) oo cee hae ea ane (6a) 
or, 
1.96 R2-700 So.567 
V = 7k pian Gea Cie ee wes ce a 6 a, site) te ean eevee (6b) 


which appears to fit models as well as prototypes. It would be interesting if 
the author would compute the value of Q, for the Helena-Donaldsonville model, 


aa Equation (6b) for comparison with the empirically determined value of 


1 500 000° 
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Under Study No. 18, Table 1, the author cites a case in which the same 
model was tested with two different depths, to determine the effect of distortion 
in asharp bend. His first conclusion is that although the tractive force avail- 
able in the two models was equal, greater bed movement occurred at the greater 
depth (smaller slope). This is extremely interesting as indicating that a true 
criterion of tractive force should include the factor of depth to a greater degree 
than in DuBoys’ law—a conclusion which the writer has reached independently 
by a study of the tractive force investigations of the U. 8. Waterways Experi- 
ment Station. The tractive force, according to DuBoys’ law, is expressed by 
the product, p d, S; in which d, is the depth of flow at the particular point in 
question, and S is the general water-surface slope of the stream, the resultant 
of all the dynamic forces acting throughout the stream in that vicinity. Du-. 
Boys’ expression for tractive force does not consider velocities, except as they 
are tied to d, (through #), and 8S. Bed velocity is generally acknowledged to 
be of first importance in the transportation of bed: materials, but practical 
means of measuring bed velocities have not been developed. Since they are 
determined by the velocity distribution, and the hydraulic resistance to flow 
near the boundaries, it would seem that a true criterion of tractive force 
should be intimately linked with Chezy’s formula for mean velocity. A pre- 
liminary analysis of the flume traction studies at the Waterways Experiment 
Station shows that an equation of the general form: 


aie OF 


Pg 


G (das i dgiSal se: et cls hed) {bo ee (7) 


adequately represents the relationship between the solid flow and fluid flow in a 
small, straight, rectangular channel with smooth sides. In Equation (7): 
G is the solid flow, in cubic feet per foot width of flume per hour; K is an em- 
pirical constant representing the effect of shape and size of bed material, and 
coefficient of friction between the material and the bed (includes the factors, 
g and p;); C is the Chezy roughness coefficient; p, is the (wetted) specific gravity 
of the bed material; d S is the depth-slope product for the particular hydraulic 
conditions under consideration; and, dy So is the corresponding product for 
conditions obtaining at inception of ‘general’? movement. 

It will be noted that according to Equation (7) the quantity of material 
moved will increase as the cube of the friction coefficient. If Manning’s 


5) 
formula for C is used, G ~ ras The result is the same as that observed in 


the results of the author’s Study No. 13, Table 1. Of course, the results of 
flume traction studies cannot be applied directly to natural open-channel 
models, or to full-sized streams; but it is to be expected that as knowledge of 
the mechanics of bed-load movement expands, some formula of the general 
form of Equation (7) will be found to apply. The author’s observations on the 
effects of distortion on velocity distribution are very pertinent. It is here that 
the crux of the entire question of evaluation of distortion effects is to be found. 
The vertical velocity curves and the corresponding isovel plots are the resultant 
of all the complex dynamic effects of sinuosity of channel, variation in size and 
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shape of cross-section, absolute roughness, type and quantity of bed-load move- 
ment, etc. If a relationship could be established between the isovel plot, the 
bottom velocities, and Chezy’s friction coefficient, C, one may anticipate 
a rational design of open-channel models. Herein lies a fruitful field of 
investigation. 

The writer would like to plead with all engineers who may have occasion 
to make stream measurements, to make every effort to report at the same time 
all pertinent information as to: (a) Water temperatures; (b) rate of change of 
surface slopes; (c) configuration of the reach, both longitudinal and lateral; 
(d) variation in shape and size of cross-section along the stream axis; (e) mean 
grain size of bed material, or careful description of channel roughness; (f) type 
of bed-material movement (smooth, riffing, sand waves, super-wave smooth, 
anti-dune), together with average height, wave length, and speed of sand waves; 
(g) quantity of bed load; and, (h) kineticity of flow (this requires taking two 
velocity cross-sections and the slope between them). The accumulation of a 
widely distributed body of such data should lead to a much more useful table of 
 n-values, and eventually to a definitive solution of the entire problem of open- 
channel flow. 

Study No. 7, Table 1, is one of the most interesting model studies reported 
to date. Professors A. H. Gibson and J. Allen (see author’s bibliography 
reference (12))5 made an exhaustive study of the suitability of various bed 
materials for this particular model, which involved open-channel flow (uni- 
directional), tidal flow in a funnel-shaped estuary, and tidal bore. Any con- 
clusions which they draw should be applied to other models only with the 
greatest caution, since the two vertical distortions used were far greater than 
has been generally accepted as a safe limit for vertical distortion. Despite such 
excessive distortions, extremely good verification was obtained, particularly as 
to height of sand banks and depth of pot-holes. Lieutenant Nichols stresses 
the importance of a careful verification; in the opinion of the writer this cannot 
be over-emphasized. The reliance to be placed in any results obtained with 
new dispositions built into the model depends entirely upon the accuracy with 
which the model was able to reproduce known conditions or known changes in 
Nature. In the study of the Severn Estuary about one-half the bed materials 
tested (which included sands, emeries, and pumices) failed to reproduce the 
correct position of the thalweg just below a sharp bend, Some of the materials 


that produced good results in the a0 -model failed in this respect when used in 


1 
the 00 -model; on the other hand, one sand, which gave the incorrect thalweg 


F 1 
in the 300 -model gave the correct position in the model with smaller vertical 


distortion. It is evident that some undetermined relationship between the 

size and specific gravity of the bed material, and the tractive forces developed. 

by the flowing water (dependent upon the vertical and slope distortions) is 

effective in such a model, and that a fine balance must exist between the solid 
° Proceedings, Am. Soc. C. E., June, 1988, p. 1101. 
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and fluid flows if similarity of bed-load movement is to be attained. It is 
significant that for the three materials which produce the best results, the values 
of the product, dg (pg — pi), were nearly equal. 

The author is to be congratulated upon his paper, which avoids all matters 
of conjecture and deals only with actually observed effects of geometric distor- 
tion. Hydraulic models are here to stay, and within the limits imposed by the 
particular laboratory, and funds available, distortions are unavoidable; it is a 
question of fundamental importance, therefore, to determine what allowances 
are to be made for each such distortion in the interpretation of the measured 
model results. The paper is a valuable contribution to current knowledge in 
this field, so far as vertical and slope distortions are concerned. Much remains 
to be written, particularly in the field of bed material distortion. 


eee 

ALERT CA NESOCIE ThyiwOr CIVIL ENGINEERS 
Founded November 5, 1852 
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A THEORY OF Sika TRANSPORTATION 


Discussion 
By JoE W. JOHNSON, JUN. AM. Soc. C. E.° 


Jor W. Jounson," Jun. Am. Soc. C. E. (by letter).!°*—The author extends 
his previous theory of silt transportation and presents supporting data which. 
in most cases, show excellent agreement between observed and calculated 
values of silt load. The theory set forth presents a method which, with 
certain limitations, appears to permit the silt load of a stream to be computed 
from easily observed factors. The method should be a valuable aid in many 
studies concerned with the transportation of sediment. 

The various examples given in the paper cover, rather completely, the 
various conditions that may prevail in practice. Other data which represent 
conditions slightly different from those presented by the author are given in 
Table 6. These data were computed from observations made in Italy by 
Mario Giandotti!4 on the Po River and Francesco Sensidoni!® on the Reno 
River, and, in Texas, by O. A. Faris,!® M. Am. Soe. C. E., on the Brazos River. 
Unfortunately, only the data of Mr. Faris include a mechanical analysis of 
the suspended material, thereby permitting colloids to be excluded from 
consideration. 

The observations on the Po River are interesting in that the two gagings 
were taken in the autumn and in the spring at practically the same stage; 
yet the total silt load in the latter gaging was about four times that in the 
former. As mentioned by Professor Giandotti, in the spring gaging the 
stream carried a large quantity of fine material—material which the author 
would class as colloids. Referring to Table 6(a) it is noted that with the 
exception of one vertical the calculated value of silt content for the autumn 
eer am Sak ee ge ee a 


Norte.—The paper by W. M. Griffith, Esq., was published in May, 1938, Proceedings 
This discussion is printed in Proceedings in order that the views ssed mi ont 
before all members for further discussind of the paper. innate cet ie 2 

#8 Asst. Hydr, Engr., U. S. Dept. of Agri., SCS, Sedimentation Studies, Washington, D. C. 

18¢ Received by the Secretary August 4, 1938. . 

“Les Déplacements du Lit du Po,’ by Mario Giandotti, L Ss i 
Italien, XV Congrés International de Navigation, Venice, Beptember, 15a, oer ee 

46“ Rilievi e Determinazioni sul Trasporto Solido del Fiume Re M 1 1 cor 
Francesco Sensidoni, Annali dei Lavori Pubblici, | >.< _ oot. Ne eee 
18s A. XVI Home, Teale ci, Anno LXXVI-Fascicolo, N. 1, January, 


1¢@“ The Silt Load of Texas Streams,” by QO. A. p y 
2 ODE ene ean a J A. Faris, Technical Bulletin No. 382, U. S. 
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TABLE 6.—Awnatysis or Sritt DisrriButTion 


6Gaea—— SSS 


Sixt ContTent, 


In Parts 

Di PER 10 000 

moe (CoLLorps 

ba Winkooe We INCLUDED) 
tween | Total | ity, |————————/ Value 
sta- |depth,} V, in of 
tion d, in feet 7.50 
et feet oe qo-87 

ank, second | Arith- 

in aetna Graphic 

feet mean | mean 


(1) (2) (3) (4) (5) (7) 


(a) Po River Near RoncocorRent#, Irary, 
DECEMBER 9, 1924 (WipTH OF WaTER 
Surrace, 754.4 Fret; anp DIScHARGR, 

61510 Cupic Frer per SEconp) 


Stir Conrent, 


In Parts 
Dis- PER 10000 
tance 
be- Veloc- 
tween | Total | ity, Propor-| Value 
sta- |detph,| V,in | Arith- _ | tion oO 
tion | d,in | feet | metic |GraPhic| re- 7.50 
and feet per | mean | ™ean | tained | Gow 
bank, second| (col- (col- by 
in loids loids | Sieve 
sort in- | ciuded)| 200 
Us ’ 
cluded) Etaphie 
mean 


(1) (2) (3) (4) (5) (6) (7) 


(c) River Reno, Near Mauaserco, Iraty. 
(WiptH oF WatrrR Surracn, 142.8 Fret) 


(e) Brazos Rivne, at Rosensere, Tex., May 31, 1929 


32.8 11.5 2a 2.8 2.5 4.1 4.9 5.1 0.49 7.78 7.86 1.45 
98.4 | 12.1 2.87 2.9 2a 5.2 13.1 9.8 | 2.36 7.54 7.55 4.81 
164.0 | 14.1 | 3.05 2.3 2.2 5.1 32.8 8.6 | 3.12 8.24 etal 6.88 
229.6 | 17.2 | 3.14°| 2.6 2.3 4.7 42.6 9.3 | 3.14 8.12 7.56 6.63 
295.2 | 20.3 | 3.61 5.1 3.3 4.9 52:5 9.5 | 3.23 8.38 8.06 6.71 
360.8 | 24.3 | 3.68 4.1 2.9 4.5 72.2 8.9 | 3.17 8.18 7.42 6.83 
426.4 | 27.9 | 3.99 6.4 4.5 4.5 82.0 9.8 | 3.23 7.49 7.13 6.86 
492.0 | 31.7 | 4.27 6.9 4,7 4.5 91.8 | 10.0 | 3.20 6.78 6.75 6.45 
557.6 | 33.3 | 4.35 7.3 4.4 4.4 111.5 | 10.0 | 3.05 7.44 6.98 6.17 
623.2 33.1 4.63 4.7 3.1 4.7 121.4 9.7 3.14 6.58 6.34 6.45 
688.8 | 33.1 | 4.36 3.4 2.4 4.5 131.2 | 10.3 | 2.15 6.02 5.82 4.27 
(b) Po River Near Roncocorrente, Irary, 
Marcu 4, 1925 (WipTH OF WATER (d) Brazos River, aT ROSENBERG, TEx., 
SurFrace, 767.5 FEET; AND, DISCHARGE, APRIL 16, 1929 
75 850 Cusic Fert per SECOND) 

78.7 | 14.8 | 2.97 | 12.0 10.6 4.8 63 18.2 | 4.39 80.1 7.9 6.3 
144.3 | 17.7 3.39 14.1 11.8 5.0 98 20.0 | 4.42 80.9 vag 6.0 
209.9 | 21.2 3.42 13.8 12.6 4.5 138 21.3 | 4.65 79.9 6.8 6.1 
275.5 | 23.6 | 3.69 11.0 9.2 4.6 178 24.3 | 5.98 75.4 4.6 7.3 
341.1 | 24.9 | 4.23 12.3 9.9 5.1 218 23.5 | 6.77 73.7 3.6 8.4 
406.7 | 28.5 | 4.56 14.1 10.1 et 258 25.0 | 6.44 73.1 3.4 We 
472.3 | 31.5 | 4.61 16.4 12:2 4.8 298 12.3 | 5.76 T2A es! 10.3 
537.9 | 34.4 | 5.20 | 17.8 13.0 5.2 . || 338 3.4 | 5.13 68.5 2.9 19.1 
603.5 | 34.1 5.38 17.3 13.3 5.4 
669.1 | 33.1 4.18 12.2 8.8 4.3 

3.43 7.7 6.2 3.6 


68 41.5 


5.03 | Me te | 72.0 | 8.1 | 4.54 
(f) Brazos River, at Rosensere, Tex., JUNE 1, 1929 


68 


42.2 | 5.03 | | 56.9 | 8.6 | 4.47 


gaging is greater than the observed silt content, although the observed value 
is for total silt content and, of course, includes colloids. On the other hand, in 
the spring gaging (Table 6(0)) the calculated silt contents are without exception 
much smaller than the observed silt content, a fact due no doubt to a large 


quantity of colloidal matter. 
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Table 6(c) gives an analysis of silt distribution in the Reno River, in Italy. 
In most verticals, very close agreement between observed and calculated 
values of silt content are noted, although the observed silt load, as in the 
Po River, includes colloids. 

Tables 6(d), 6(e), and 6(f) give calculated and observed values of silt 
content for the Brazos River, in Texas. In addition to the observed silt 
content which was retained by a No. 200 sieve, the silt content including 
colloids is also given. Agreement between observed and calculated mean 
silt content is good in the verticals near one stream bank but becomes poor as 
the opposite bank is approached. Such a condition is probably due to a local 
distortion in the velocity distribution and will be discussed subsequently. 

A factor of more practical importance than whether there is good agreement 
between calculated and observed mean silt content in the various verticals 
appears to be whether the total calculated silt load of the stream agrees with the 
total observedload. Discharges and the observed and calculated silt loads, de- 
termined by ordinary methods, for the various canals and rivers for which 
data were summarized in Tables 1, 2, and 6, are shown in Table 7(a). Data 
from flume studies!? conducted at the U. S. Waterways Experiment Station, 
Vicksburg, Miss., are included in Table 7(b). As mentioned previously the 
observed silt loads in the Po and Reno Rivers include colloids, and the difference 
between observed and calculated values are relatively large; however, except 
for the March, 1925, gaging in the Po, the Imperial Canals, and Brazos River 
data do not show agreement appreciably better than the Italian gagings. 


TABLE 7.—SuMMARY OF OBSERVED AND ComMPpuUTED S1Lt LoAap IN VARIOUS 
RIVERS AND CANALS 


(a) Dara FROM CANALS AND RIVERS (b) Ftume Tests 
; Silt Load, in Tons per Day Table 
Dis- Dis- Ob-_ | No. in 
charge charge | served] U.S. 
Q, Q, silt Water- 
Canal or in, Table Run in load, ways 
river cubic Ob- c 0. cubic in Experi- 
feet beers \ted in feet tons ment 
per erve: pute this per per | Station 
second paper second| day Paper 
No. 17 
(1) (2) (3) (4) () (1) (2) (3) (4) 
WanlaiCanal<:..i 2 cece eceloe ae 27 122 74 2 24 1.5 F 
Central Main Canal............. A486 1005 950 1 25 2.2 ne 33 
Brazos River..........22.00050- 31 000 34 850 | 64 850 6(d)* | 16 i Wf 0.46 33 
LOIN) SULVOR soo s6 bai< vidas ee awa Wawa 3 665 6 830 5 680 6(c) 17 2.2 0.74 
Po River, December 9, 1924...... 61510 | 51500] 72130 6(a) 13 1.8 0.58 34 
Po River, March 4, 1925......... 75 850 | 204770 | 90785 6(6) 14 2.2 1.01 34 


———————————— te 
* Also Tables 6(e) and 6(f). 


An interesting result may be observed by plotting the data in Table re 
logarithmically, So as to obtain a plot of points representing the silt load 
calculated according to the author’s theory. The Brazos River data failed to 


um“ Studies of River Bed Material 


WE vcowar wesiseignl River,” Puser # S and Their Movement, with Special Reference to 


0. 17, U. S. Waterways Experiment Station, 1935. 
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plot according to that of the other streams, possibly because of the relatively 
high value of 1.4 for the velocity-head coefficient,!® a, at this cross-section. 
Such a high value for a in an open channel is usually found only where the 
velocity distribution is greatly distorted by obstructions, bends, etc. 

For the given data, which cover a wide range of discharge and location of 
streams, the silt load of loose, granular material (consisting of material larger 
than 5%, in. in diameter and excluding colloids) expressed, in tons per day, 
is given by the equation, 


in which Q = discharge, in cubic feet per second. That the silt load (including 
colloids) of a stream may be many times the load expressed by Equation (14) 
is evident upon examination of Tables 6(d), 6(e), and 6(f), wherein it is observed 
that 90% of the suspended silt in the Brazos River consisted of particles 
small enough to pass the No. 200 sieve and thereby can be classed as colloids. 
Due to the fact that vertical eddies are perhaps not important in the trans- 
portation of very fine material, it is doubtful whether a simple relationship 
between discharge and the silt load of a stream (including colloids) can be 
formulated. A viewpoint on this subject, as stated by C. P. Vetter,!9 M. Am. 
Soc. C. E., is: 


“As long as the discharge and the slope of the river are constant the in- 
tensity of the boundary layer, and the concentration of suspended matter 
maintained by it, is undoubtedly also constant. The fine material, not 
available in the bed of the stream for many miles up stream from the point 
of observation, must originate elsewhere on the river or on its tributaries and 
it cannot be expected that any fixed relationship should exist between the 
discharge and the load of the finer material. Bearing in mind that the term, 
‘saturation,’ should probably be used with caution in this connection, the 
phenomenon can, nevertheless, be illustrated by saying that the stream is 
saturated with the material freely available in the bed but under-saturated 
with material finer than that found in the bed. : 

“Yet another conclusion may be drawn from the above reasoning. If the 
part of the silt load which lies within the range of sizes abundantly available 
in the bed bears a fixed relationship to the discharge there is no reason to 
believe that this relationship will be materially changed if the finer part of 
the load is partly or entirely eliminated.” 


In the latter conclusion it might also be noted with reference to the Brazos 
River data that the load of very fine material may be ten times that of the 
‘Joose granular” material and still the load-discharge relationship is not 
changed provided the abnormal velocity distribution as discussed herein is 
local in character and responsible for the relatively high value of the calcu- 
lated load. 

The ultimate solution of the problem of transportation of suspended silt 
appears to be from the approach of fundamental mechanics according to a 


18 “‘ Velocity-Head Correction for Hydraulic Flow,” by Morrough P. O’Brien, Assoc. M. 
Am. Soc. CG. E., and Joe W. Johnson, Jun. Am. Soc. C. H., Hngineering News-Record, Vol. 
113, No. 7, August 16, 1934, p. 214. 

19“ Why Desilting Works for the All-American Canal?” by C. P. Vetter, Dngineering 
News-Record, Vol. 118, No. 8, March 4, 19387, p. 321. 
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theory such as that developed by W. Schmidt,?° enlarged by Professor O’ Brien,” 
and applied by J. E. Christiansen,” Assoc. M. Am. Soc. C. E. Although the 
author’s theory of silt transportation has little scientific foundation, the impor- 
tant factor is that it apparently “works” and does so under a large variety of 
conditions. In fact, it describes silt transportation, within certain limits, 
approximately as well as the Chezy formula describes the flow of water in 


open channels. 


20 «Die Massenaustauch in freien Luft und verwandte Erscheinungen,” von W. Schmidt, 


H. Grand, Hamburg, 1925. 
_ 71“ Review of the Theory of Turbulent Flow and Its Relation to Sediment Transpor- 
ean Morrough P. O’Brien, Transactions, Am. Geophysical Union, Hydrology Sec- 
on, . 
2 Distribution of Silt in Open Channels,” by J. E. Christiansen, Transactions, Am. 
Geophysical Union, Hydrology Section, 1935, p. 478. 
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GRIT’ CHAMBER MODEL TESTS FOR DETROIT, 
MICHIGAN, SEWAGE TREATMENT PROJECT 


Discussion 


By W. E. HOWLAND, Assoc. M. Am. Soc. C. E. 


W. E. Howtanp, Assoc. M. Am. Soc. C. E. (by letter).44*—The perfection 
of a technique for model testing of sedimentation basins is of great importance, 
and the studies reported in this paper should be of considerable value for this 
purpose. 

In trying to account for the lack of agreement in results of the tests of 
percentage removal of fine sand obtained in the different models, several 
explanations may be given. The author suggests that the reduced turbulence 
in the smaller model (due presumably to a reduced Reynold’s number and a 
nearer approach to the stream-line condition of flow) may account for the 
observed high percentage removal of the finer sand by this model. This may 
be a valid explanation notwithstanding the data presented by L. G. Straub, 
Assoc. M. Am. Soc. C. E., which shows that the so-called: (and mis-named) 
efficiency of sedimentation above a certain limiting value of the Reynold’s 
number is independent of that function. This “efficiency” (defined as the 
ratio of the flowing-through time to the detention period probably first 
measured in sedimentation basins by C. H. Capen,!® M. Am. Soc. C. E., in 
1927), may be judged on theoretical grounds to have a doubtful effect upon 
the percentage removal of sediment in the basin—as has already been argued." 

One other matter that deserves further emphasis is the so-called ‘‘trans- 
porting power of the stream.” In a recent article,® Mr. W. M. Griffith 
considers this matter at length and gives a criterion for the silt transporting 


Notr.—The paper by George E. Hubbell, Assoc. M. Am. Soc. C. E., was published in 
December, 1937, Proceedings, Discussion on this paper has appeared in Proceedings, as 
follows: March, 1938, by G. M. Ridenour, Assoc. M. Am. Soc. C. E.; and April, 1938, by 
Thomas R. Camp, M. Am. Soc. C. E. 

14 Associate Prof., San. Eng., School of Civ. Eng., Purdue Univ., West Lafayette, Ind. 

14a Received by the Secretary June 6, 1938. 

15‘ Transportation of Sediment in Suspension,” by Lorenz G. Straub, Civil Hngineer- 
ing, May, 1936, p. 321. : 

16“ Study of Sewage Settling Tank Design,” by C. H. Capen, Hngineering News-Record, 
November 24, 1927, Vol. 99, p. 833. 

Mt Bngineering News-Record, February 16, 1928, Vol. 100, p. 290. 

18 A Theory of Silt Transportation,” by W. M. Griffith, Proceedings, Am. Soe. C. E., 


May, 19388, p. 859 
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A v ° : . ° 
power of a given stream as qua? in which v is the mean velocity and d the mean 


depth of the stream. Of course, one cannot be sure that this criterion is valid 
for the conditions met in a grit chamber since it was developed empirically 
for different conditions and it may not be at all applicable to a small scale 
model. Nevertheless, its consideration may throw some light upon the behavior 
of grit chambers. It would not be surprising to find some kind of an inverse 
relation between the percentage removal of sediment in a settling basin and 
the “transporting power” of the stream in the basin if, as in the case of these 


models, the values of oe as required by Hazen’s theory of sedimentation,!® are 


the same in all cases. (The letter symbol, a, is the mean time that a particle 
is in the basin, and t is the time theoretically required for the particle to settle 


from top to bottom of the basin.) 
The following values of this function are determined for the various 


chambers considered in this study: 


Prototype, 1 + 16°:°? = 0.206 
Smallest scale model, 0.258 + 1.067°-°7 = 0.247 
Grand Rapids model, 0.9 + 69-57 = 0.324 
Dearborn model, 0.9 + 3°-57 = 0.480 


It should be noted that no study has been made of the concentration of 
sand in the various tests. Without considering such effects these calculations 
indicate that the foregoing order of enumeration should also be the order of 
magnitude of the percentage removal of sediment in the basins. There is 
thus a certain measure of qualitative agreement between the foregoing state- 
ment and the observed percentage removal of sand in the model basins—the 
smallest model removed the greatest percentage of sand even when the sand 
used was half as large as in the larger models. Whether or not there is any 
value in this consideration the author can decide. 

The writer would like to inquire if there are any data available showing 
the possible effect, if any, of the quantity of sand added upon the observed 
percentage removal for any given basin. 

In conclusion, the writer would like to point to the value of running a 
similar test on the percentage removal of 0.2-mm sand in the prototype when 
built. Since the two sets of models used were designed on different principles, 
' a final check on the prototype should help to answer such questions as these: 


Should sedimentation models, designed for identical values of o> have the 


same Froude number as the prototypes, or should, instead, the Reynold’s 
number be made as nearly the same as possible as in the prototypes? Should 
the “transporting power,” as defined herein, receive attention in the design of 
such models? 


2“ On Sedimentation,’ by the late All q i 
Soe. @. Bo Val Li eseoshes. 1904p roe Hazen, M, Am. Soc. C. E., Transactions, Am. 
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STRUCTURAL BEHAVIOR OF BATTLE-DECK 
FLOOR SYSTEMS > 


Discussion 


By JONATHAN JONES, M. Am. Soc. C. E. 


JONATHAN Jongs,® M. Am. Soc. C. E. (by letter) .®“—It would be quite futile 
to undertake, either by reasoning or experiment, a general solution for the case of 
a floor plate stiffened by ribs. Enough is known of the mathematical com- 
plexity of the problem, and of the many variables entering in, to guarantee that 
any such generalization, if obtainable, would be too formidable to have much 
practical value. 

About all that is practically worth doing is to select, for the purpose in mind, 
an approximate arrangement of parts and sizes that promises to be successful 
and economical, and then, by a combination of experiment and reasoning, to 
develop some general rules of design that may be applied within a narrow field. 
This process may appear crude, but it may also be highly useful. It may not 
be rigorous mathematics, but it can be good engineering. This piece of re- 
search was conducted in just such a fashion, and it has produced results and 
recommendations of great value in its intended range, but which should not be 
extrapolated far therefrom. 

It was the desire of the Committee of the American Institute of Steel 
Construction, that initiated this research, to discover the constructional ad- 
vantages of the ‘“‘battle-deck floor,” in steel, which it believed had been obscured 
by the lack of a basis for design. In particular, it believed that plates of 
excessive thickness were being used, to the great economic disadvantage of this 
type of floor, simply for lack of any better method of design than a guess at a 
distribution, and then a continuous beam formula and the usual working 
stresses. ; 

This Committee, therefore, guided the research into just those arrangements 
of parts in which it believed this type of construction would be most successful. 


Notse.—The paper by Inge Lyse, M. Am. Soc. C. E., and Ingvald BH. Madsen, Jun. Am. 
Soe. C. E., was published in January, 1938, Proceedings. Discussion on this paper has 
appeared in Proceedings, as follows: June, 1938, by Messrs. H. N. Hill, and R. L. Moore. 

8Chf. Engr., Fabricated Steel Constr., Bethlehem Steel Co., Bethlehem, Pa. ; Chair- 
man, Committee on Technical Research, Am. Inst. of Steel Constr. 


8a Received by the Secretary July 6, 1938. 
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Thus, it opened up the beam spacing at the expense of added weight, to mini- 
mize manufacturing costs; it discarded transverse distributors for the same 
reason. All this it has reported adequately elsewhere.? The successive models, 
and the final full-sized panel, were designed by the Committee, as more data 
became available, to come closer and closer to an economical and reasonable 
design. 

The results have been extremely satisfactory. Within the purposely narrow 
range, simple rules of design have been developed by approximate analysis of 
the test results. Upon these rules the sponsor has compiled a booklet® giving 
recommended practice as to the arrangement of parts, beam spacing, beam 
sizes, plate thicknesses, etc., which give certainty of success. 

Not mentioned by the authors, but important to the designer, is the choice 
of unit stresses by the Sponsor Institute for its recommended practice. For 
tension in the bottom flange of its beams, it recommends 20 000 lb per sq in., 
but in its tables it uses 18 000 in deference to present bridge specifications. For 
plate stress, it recommends 28 000 lb per sq in. 

Thus, in Table 3, for the full-sized panel, it will be noted that 27 900 lb per 
sq in. was the conscious objective of the final design, although only 26 000 was 
actually measured. At first sight it may seem to be taking great liberties to 
propose, for regular design, a unit stress as high as 28 000 lb per sq in. Asa 
matter of fact, it will be seen from Fig. 13 that it is truly conservative. All that 
this 28 000 means is a “spot” of highly stressed material backed up by a wide 
area of under-stressed plate; danger is impossible under such conditions. It is 
perhaps analogous to the, say, 40 000 lb per sq in. that exists at the edge of a 
hole in.a tension member, but in no way is it analogous to the 16 000 or 18 000 
lb per sq in., for which that member was designed. 

The behavior of these floors under over-load, and their recovery on release 
(as described by the authors under ‘‘Test Data and Relations: Tests of Full- 
Sized Floor Panels”), convinced all observers that the design rules set up by 
A. I. 8. C. will produce a floor that simply cannot be made to fail under any 
condition of highway service. The authors are to be congratulated upon the 
manner in which they fitted their technical skill into a problem which was 
narrowed not by, but for, them. 

It is interesting to observe” that German engineers are also experimenting in 
an endeavor to reduce the weight of their highway bridge floors. As might be 
expected, however, they are working with designs of great complexity in order 
to effect a maximum saving of material; their transverse stiffeners, four-sided 
supports, stiffened buckle-plates, etc., represent a degree of fabrication which, 
in general, American designers must avoid. 


. i ne aoe me 
9 «6 
York, Nie aie Floor for Highway Bridges,” Am. Inst. of Steel Construction, New 


” Die Bautechnik, June 3, 1938, p. 3066 ff. 
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DESIGN OF PILE FOUNDATIONS 


Discussion 


By JOHN M. COAN, JR., JUN. AM. Soc. C._E. 


Joun M. Coan, Jr.,> Jun. Am. Soc. C. E. (by letter).***—In focusing the 
attention of many engineers on the idea of the ‘dummy pile,” the author is to 
be commended. It is recognized as a convenient tool in that it enables the 
designer to predict the pile moments under certain conditions of restraint, 
whereas, many methods used to-day neglect or, at most, approximate these 
moments. 

In so far as practical applications are concerned, the theory is incomplete in 
that certain factors pertinent to intelligent design have not been included. 
For example, the inability to determine, with any degree of accuracy, the loca- 
tion of the point of pile restraint in the foundation and the failure to take into 
consideration the characteristics and confinement of the surrounding soil make 
it advisable to design with a liberal margin of safety. Such an analysis as Mr. 
Vetter presents might be applied to towers, pedestals, or similarly supported 
bodies with laterally unsupported elements or, more specifically, to pile piers 
passing through alluvial or practically non-resistant materials to resistant 
strata. 

The author’s treatment of the dummy-pile method is restricted to what 
amounts to two-dimensional arrangements in which the piles are parallel with, 
and symmetrical with respect to, a vertical plane of symmetry, and in which 
the resultant of the dead and applied loads lies in the plane of symmetry. If 
the plane of loading remains coincident with the plane of symmetry, such an 
analysis might be extended to include the case of a three-dimensional system in 
which the piles are symmetrical with respect to a vertical plane of symmetry, 
but not parallel to it. In this case the individual piles may be projected into 
the plane of symmetry, analyzed, and the results thus obtained corrected by 
the ratios of the true to the projected lengths. Furthermore, in the event of an 
arrangement having no vertical plane of symmetry, if the piles are of such sec- 


Nore.—The paper by C. P. Vetter, M. Am. Soc. C. H., was published in February, 1938, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: May, 
1938, by Messrs. Hibbert M. Hill, and Odd Albert; and June, 1938, by Messrs. August BE. 
Niederhoff, A. A. Eremin, and Jacob Feld. 

26 Stress Analyst, Glenn L. Martin Co., Middle River, Md. 


26e Received by the Secretary August 1, 1938. 


1534 COAN ON DESIGN OF PILE FOUNDATIONS Discussions 


tion that each has equal moments of inertia about two mutually perpendicular 
axes, and if the resultant of the applied loads lies in a vertical plane which con- 
tains the centroid of the pile group, the piles will deflect in planes whose hori- 
zontal traces are parallel to the plane of loading. Such a condition may be 
analyzed as if a vertical plane of symmetry existed and coincided with the 

plane of loading. 
The writer has made an extensive model analysis?’ of such a case and, 
although the pile arrangement studied was unique, it is considered worth 
: mentioning because the axial loads and 


0.582\ Rye end moments obtained from a dummy- 
4h x4)" . : : 
x4" High pile analysis agree reasonably well with 

PLAN OF CAPS the experimental results. 
AND STRUT 


The model (Fig. 16) was one-fortieth 
1.315" 0,582" | | 


xe" see Ao oes ed scale and consisted of two groups of five 
Lo symmetrically arranged tubular steel 

i Fat piles, each having an outside diameter 

of 0.757 in. and a wall thickness of 0.030 
in. The piles were fixed in concrete at 
their bases, and in mortar caps at their 
upper extremities. These caps were 
connected by a non-rigid rectangular 
strut which permitted the transfer of 
loads and caused the action of the two 
groups to be interdependent. The 
points at which the piles were fixed 
corresponded to the arbitrarily located 
points of restraint mentioned by Mr. 
Vetter under the heading, ‘General 
Considerations.” No attempt was made 
to simulate the resistance to lateral dis- 
placement that the alluvial materials, 
through which the prototype piles are 
to be driven, would offer. In view of 
the elasticity of the strut, it was necessary 
to correct the results obtained from a 
dummy-pile analysis because they had 
been determined under the assumption 


Lx ans that the supported structure was infi- 
ol a eee nitely rigid. This correction was made 
Mopex by cutting the strut, finding the unbal- 


anced moment on each pier cap, and then 
distributing this moment to the strut and to the piles in that group in pro- 
portion to their relative stiffnesses. (The batter of the piles permitted only a 
negligible side-sway for which it was unnecessary to correct the distributed 
moments.) The result of this elastic strut correction was an inappreciable 


* “Model and Theoretical. Analyses of a Tubular Pile Bridge, Pier,” 
Jr.; an unpublished essay submitted as partial requirement. for ihe dees Ea 
Civil Engineering, at The Johns Hopkins Uniy., Baltitnore, Md., May, 1938: ~*~ 
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change in the axial loads and an average increase in the maximum pile mo- 
ments of about 20 per cent. 

Three loading conditions—dead + live + impact, ice, and wind—were 
analyzed and, in the case herein illustrated, a 120-Ib ice load, corresponding to a 
200 000-Ib load on the prototype pier, was applied as shown. Table 4 gives a 
comparison of the axial loads and maximum bending moments as determined 


experimentally and as computed by the dummy-pile method and corrected for 
the elastic strut. 


TABLE 4.—Errecrs or a 120-Pounp Ick Loap Action ALONG THE Y-AXIS 


Pitt Nos. 
Description 
1 2 3 4 5 6 7 8 9 10 
Axial Load, in Pounds: z 
Measured........ —141.1 | 108.2} —168.2] 93.7 | 135.0} —110.9 | 163.3] —89.2 8.4 | — 7.1 
Computed....... —185.2 | 111.9 | —159.4 | 87.3 | 135.2 | —111.9 | 159.4] —87.3] 12.3 | —12.3 
Maximum Moment,* 
in Inch-Pounds: 
Measured...,.... 12.7 11.3 aT U i) 241-5. 10.7 10.4 8.4 13.3 9.5 9.2 
Computed....... 10.4 10.5 9.2 9.4 9.2 9.3] 10.4 10.5} 10.5 9.4 


* The pile moments are either positive or negative. 


The average difference in axial loads, except the lightly loaded verticals, is 
just over 3% and the average variation in the maximum moments is within 
16 per cent. In this case, due to portal action, the bending stresses are con- 
siderably less than one-third the total stresses and the differences between the 
measured and the computed bending moments are reduced in importance. 
Under the condition in which equal loads were applied at the centroid of each 
group and parallel to the X-axis, the displacements of the pile groups were 
independent of the strut, the end moments were of a much greater magnitude, 
and a closer agreement between the analytical and experimental moment 
determinations was found, the average difference being about 1 per cent. 
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NATURAL PERIODS OF UNIFORM 
CANTILEVER BEAMS 


Discussion 


By K. BERT HIRASHIMA, EsQ. 


K. Bert Hrrasuia," Esa. (by letter).“—This interesting paper by Pro- 
fessor Jacobsen should prove an important addition to the literature of the 
subject treated. Especially valuable are the tables and graphs illustrating the 
theory. 

The normal modes of transverse vibrations of a rigidly built-in cantilever, 
resulting from a consideration of shear only and flexure only, are well known. 
Taking the frequency equation for each of these two elementary cases, the 
vibrations that occur in the Y-direction are given by Equations (7) and (10). 
It will seem that Equation (7) (shear only considered) is comparatively simple 
and easy to solve. The solution of Equation (10) (flexure only) is more com- 
plicated; but it can be solved by a method of successive approximations. 

However, as shown in the paper, neither of these comparatively simple 
equations gives the correct result for the general case in which neither shear nor 
flexure is negligible. Thanks to Table 3, however, the periods of the various 
modes for this general case can readily be obtained by simple multiplication 
from the solution of either equation. Equation (7) will probably be preferable 
for reasons of simplicity. 

The author’s analysis of the effect on the vibration periods of the elastic 
yielding of the ground is highly interesting; but the solution of the frequency 
equation for this case is very involved. However, Table 2 and the graphs in 
Figs. 6, 7, and 8, give a clear indication of what can be expected when the 
ground yields elastically. The ground deformation moduli, €,, €,, and €s, of 
course, can be determined by experimental methods. The ground rigidities, 
Rz, Ry, Rzs, Rye, and Ry, can then be determined in the manner described in the 
paper. Finally, with numerical values of the ground constants thus determined 
_Nore.—The paper by Lydik 8. Jacobsen, Wsq., was published in March, 1938, Pro. 


a 
ceedings. This discussion is printed in Proceedings Py S Dublished in’ March, 1005 seam 


n order th 
be brought before all members for further discussion of the Sapeerae views expressed may 


44 Asst. Highway Planning Engr., Territorial Highway Dept., Honolulu, Hawaii. 
44a Received by the Secretary July 12, 1938. 
16“ Applied Blasticity,” by J. Prescott, p. 206. 
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the frequency equation can be solved for the values of the various periods, 
The disadvantage of the foregoing procedure is that it is long and tedious with 
the likelihood that errors will be introduced. . 

In practical engineering work, as differentiated from theoretical investiga- 
tions, what is most desired is not 100% theoretical accuracy, but an accuracy 
sufficient for the nature and needs of the problem. With this standard limita- 
tion in mind it seems that a table similar to Table 3 could be constructed giving 
conversion factors for various types of soils and foundations. The period of 
the various modes for a cantilever “planted’’ in sandy soil, for example, can 
then be determined by simple multiplication from the solution of either Equa- 
tion (7) or Equation (10); or, by reference to Tables 2 and 3 and Figs. 6, 7, and 
8, the engineer could derive his own factors for converting the periods as ob- 
tained from a solution of Equation (7) or Equation (10) into the estimated true 
periods for the case of an elastically yielding ground. Such procedure requires 
sound judgment on the part of the engineer. The errors incident thereto are 
probably not more serious than the uncertainties inherent in the nature of the 
problem. On important work, investigation along the lines indicated in the 
paper is justified. 

It may be remarked that the various frequency equations, involving as they 
do either trigonometric or hyperbolic functions, have an infinite number of 
roots. When a rod (or, in the present case, a cantilever) is set in motion by 
being bent to one side and then released, it is not likely to begin vibrating in 
any one of the normal modes, unless the curve into which the cantilever is 
first bent was the same curve as the cantilever assumes in one of the extreme 
positions of that particular normal mode. However, it is known that the subse- 
quent motion is composed of a number of superposed normal modes of which 
the lower modes are the more important. 

The further discussion of the superposition of normal modes and the devel- 
opment in terms of Fourier’s series is beyond the scope of the paper. The 
interested reader is referred to the various special treatises such as Byerly’s 
“Fourier’s Series and Spherical Harmonies’; Lord Rayleigh’s ‘Theory of 
Sound”; Prescott’s ‘Applied Elasticity’; and Love’s ““Mathematical Theory 
of Elasticity.” 


Corrections for Transactions: In Equation (16), change ‘0.228?’ to read 
“0.2882”; in the numerical coefficients of Equations (24) and (26) move the 
decimal points one place to the left; in the numerator of Equation (53a), change 


“>” to “a”; and, in the numerator of Equation (536), change “‘a” to ‘‘b.” 


